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ABSTRACT 
Vitamin A, D and E are iipid-soiuble nutrients essential for many physiologic and 
immune functions. Effects of active metabolites of vitamin A and D, retinoic acids (RA) and 
1,25-dihydroxyvitamin D3 (l,25(OH)2D3), respectively, are mediated by their nuclear 
receptors. Because of the well-known roles of these vitamins, they are fed to periparturient 
cows and neonatal calves at levels that exceed NRC requirements by several fold. There are 
concerns that feeding greater than the NRC requirements of these vitamins might have 
deleterious effects on their uptake and on the functional capacity of the immune system. The 
objective of the first two studies was to evaluate the in vitro effects of l,25(OH)2D3, two 
synthetic analogues of vitamin D, and aU-trans-, 9-cis-, 13-cis-, and 9,13-dicis-RA on 
interferon-y (IFN-y) secretion by mononuclear leukocytes (NINL) from postparturient cows 
and nulliparous heifers. We showed that l,25(OH)2D3 and its fluorinated analog (A~-26-F3-
1,25(0H)2D3) inhibited IFN-ysecredon. Our results showed that individual RA isomers had 
no effect on IFN-y secretion whereas combinations of all-trans-RA with 9-cis-, 13-cis-, or 
9,13-dicis-RA and of 9-cis-RA with 13-cis- or 9,13-dicis-RA as well as l,25(OH)2D3 with 9-
cis-RA inhibited IFN-y secretion. These results and those indicating l,25(OH)2D3 and RA 
potentiate IgM production by bovine MNL, suggest that these vitamins may selectively 
promote differentiation of bovine T-cell subsets toward a Th2-like phenotype. In the third 
smdy, we evaluated feeding 20- to 40-fold the NRC requirements of vitamin A and two forms 
of vitamin E (alcohol and acetate ester) on the uptake of vitamin E by plasma lipoproteins in 
newborn calves. Our results showed that feeding greater than the NRC requirement of vitamin 
A decreases concentrations of vitamin E in plasma lipoproteins. Because of the critical 
antioxidant role of vitamin E, the health-related consequences associated with depression of 
lipoprotein vitamin E must be investigated. The form of vitamin E had no effect on 
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concentrations of vitamin E associated with plasma lipoproteins suggesting the more stable and 
less costly RRR-a-tocopheryl acetate be used as a dietary supplement in calves. 
I 
CHAPTER i. GENERAL INTRODUCTION 
Introduction 
Vitamins A, D and E are lipid soluble vitamins that have been associated with enhanced 
disease resistance in many animal species. Retinoic acids, 1,25-dihydroxyvitamin D3 and 
RRR-a-tocopherol are believed to be responsible for many of these effects. Periparturient 
cows and newborn calves are more susceptible to infectious diseases than are the other age-
and physiologic-groups of dairy cattle. Neonates differ from adults with respect to lipid-
soluble vitamins status and metabolism. 
At parmrition, cows and their calves have low concentrations of lipid-soluble vitamins 
in blood. Dairy cows are deficient of lipid-soluble vitamins because they eliminate large 
amounts of these vitamins through colostrum and milk, whereas neonates have low plasma 
concentrations of these vitamins because of limited transfer from placenta to the fetus. Because 
of the well-known roles of these vitamins and their relatively low cost, dairy producers feed 
periparturient cows and neonatal calves several-fold greater the NRC requirements for these 
vitamins. In our smdies, we evaluated the relationship between vitamins A and D on immune 
response of postparturient cows and the effects of feeding high amounts of dietary vitamin A 
on bioavailability of vitamin E in neonates. 
Dissertation Organization 
This dissertation mcludes three manuscripts. In chapter two (Manuscript one), the 
effects of the active metabolite of vitamin D [l,25(OH)2D3] and two synthetic analogs of 
vitamin D on interferon-y (IFN-y) production by adult auUiparous heifers were examined. In 
chapter three (Manuscript two), four in vitro experiments that examine effects of individual 
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retinoic acid (RA) isomers (all-trans-, 9-cis-, 13-cis- and 9,13-dicis-RA) as well as effects of 
combinations of RA with each other and of l,25(OH);D3 with 9-cis- or 9,13-dicis-RA on IFN-
y secretion by nulllparous heifers and postparturient cows are described. Manusript one was 
published in the journal of Veterinary Immunology and Immunopathology (1996,52:77-90). 
Manuscript two will be submitted to the International Journal for Vitamin and Nutrition 
Research. Chapter four (Manuscript three) examines the effects of different dietary amounts of 
vitamin A on the uptake of RRR-a-tocopherol into plasma lipoproteins in newborn calves. 
Manuscript three was submitted to the Journal of Nutrition. A review of the literature precedes 
manuscript one, and a general conclusion follows manuscript three. Articles cited in each 
chapter are included at the end of die respective chapters. 
Literature Review 
Biology of Vitamins A. D and E 
Main Functions. Vitamins A, D and E have vastly differing chemical structures and 
biological functions but they are grouped together because they have one unifying 
characteristic: they are soluble in lipids. Vitamin A is necessary for the support of growth, 
reproduction, differentiation of epithelial dssues and preservation of vision (DeLuca, 1975; 
Wolf, 1996). Vitamin E, the most important lipid-soluble antioxidant, quenches free radicals 
and acts as a terminator of lipid peroxidation (Burton et al., 1983; Chow, 1985). Vitamin D 
exerts its effects predominantly on intestine, bone and kidney where it plays a crucial role in 
calcium and phosphate homeostasis, bone mineralization and the prevention of rickets 
(DeLuca, 1997: Horst and Reinhardt, 1997). 
Sources. Ruminant animals obtain vitamin A from green plants primarily as 
provitamin A compounds (carotenoids) or as retinyl esters in dietary supplements (retinyl 
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palmitate, propionate or acetate). Because vitamin E is abundant in the foliage and seed oils of 
plants, it is present in high concentradons in the diets of animals fed fresh forage, Planrs 
contain four isomers of tocopherol (a, P, y and 5), but the fonn with the highest biological 
activity is ElRR-a-tocopherol. Most of the dietary supplements of vitamin E are in the form of 
esters. Vitamin D is unique among vitamins in the sense that it can be synthesized 
endogenously. Ultraviolet irradiation from sunlight produces vitamin D3 from 7-
dehydrocholesterol in the skin. Ruminant animals also receive vitamin D from the diet (plants) 
in the form of vitamin Di or as a dietary supplement. 
Digestion. Absorption, assimilation and metabolism of lipid-soluble vitamins have 
been extensively studied in rodents and humans. There are similarities and differences between 
monogastric and ruminant animals with respect to digestion and absorption of lipid-soluble 
vitamins. Ruminant animals, because of the presence of prestomachs, have a lower 
bioavailability of these vitamins. During the degradation and fermentation of feed ingredients 
by ruminal microorganism, considerable amounts of vitamin A, D and E are degraded in the 
rumen. Several investigators have observed destruction of 74% of vitamin A and 40% of 
vitamin E in the rumen (King et al., 1962; Keating et al., 1964; Anderson et al., 1971; Kivimae 
and Carpena, 1973). The conjugated double bonds of these vitamins are likely targets for 
hydrogenation under the extremely reductive conditions of the rumen. Reduced forms of these 
vitamins are not biologically active. Newborn ruminant animals differ from adults with respect 
to bioavailability of these three vitamins. Efficiency of assimilation of lipid-soluble vitamins in 
neonatal ruminant is more similar with monogastric animals (Poor et al., 1992; Hoppe et al., 
1996). 
Esterified vitamins are hydrolyzed by pancreatic carboxyl ester hydrolase (Lombardo 
and Guy, 1980; Mathias et al., 1981; Blaner and Olson, 1994) in the intestinal lumen during 
their solubilization into mixed micelles (Friedman and Nylund, 1980). Vitamin esters not split 
completely in the micellar phase are hydrolyzed on the mucosal brush border membrane or 
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inside enterocytes (Wasserman and Corradino, 1971). Mathias et ai. (1981) demonstrated in 
rats a mucosal esterase being distinct from pancreatic carboxylic ester hydrolase that is capable 
of splitting tocopheryl acetate. 
Absorption. Lipid-soluble vitamins are absorbed by columnar ceils of the intestinal 
epithelium. How the lipid-soluble vitamins and the lipids penetrate the mucosal cells is still 
unclear. It is assumed that the components of the mixed micelles are partitioned into the 
monomeric phase and that the lipid-soluble vitamins penetrate the mucosal cell to reach the 
cytoplasm (Friedman and Nylund, 1980; Hollander, 1981). 
Vitamins D and E are taken up by the small intestine by means of non-samrable passive 
diffusion processes (Hollander, 1981). In the case of vitamin A (retinol), absorption is 
saturable but energy-dependent (Hollander, 1981), suggesting the process is carrier-mediated. 
At tiigh pharmacologic concentrations of vitamin A, absorption is by simple passive diffusion. 
Inside the epithelial cell, retinol is esterified primarily with palmitic acid (DeLuca et al., 
1979), whereas vitamin D and tocopherol remain urmiodified (Forsgren, 1969; Avioli, 1970). 
It is not yet clear whether the esterification process occurs in the cytosoi or at the membrane of 
the smooth endoplasmic reticulum. The smooth endoplasmic reticulum also forms lipid 
droplets wittiin the confines of bulbous expansions of its membranes. After reaching a cenain 
size, they are released as discrete lipid-containing vesicles and accumulate in the Golgi 
complex. Here, synthesis of chylomicrons and other triglyceride-rich lipoproteins is completed 
by assembly of the lipid aggregates with apoproteins. The lipoproteins render the water-
insoluble vitamins and lipids transportable in the aqueous medium of the extracellular space 
(Gangl and Oclcner, 1975; Friedman and Nylund, 1980). How the vitamins are incorporated 
into the lipid droplets of the smooth endoplasmic reticulum is unknown. It is assumed that 
retinol is transported by the intracellular retinol-binding protein [(CRBP(II)] to the membranes 
of the smooth endoplasmic reticulum, esterified by enzyme lecithinrretinol acyl transferase 
(LRAT) and incorporated into lipid droplets. A cytosolic enzyme acetyl coenzyme A:RAT 
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(ARAT) (Helgerud et al., 1983) is responsible for esterification of excess retinol in tlie 
cytoplasm after CRBP(II) becomes saturated. It is not known how the other lipid-soluble 
vitamins are transferred from the cell membranes of absorptive cells to the lipid droplets. 
Transport in blood. Chylomicrons consist of about 70-90% triglycerides, 4-8% 
phospholipids, 4% cholesteryl esters, 3% cholesterol and about 2% protein. They are secreted 
into the lateral intercellular spaces ultimately reaching the systemic circulation via the thoracic 
duct. Studies with radioactively labelled lipid-soluble vitamins in humans (Blomstrand and 
Forsgren 1967; 1968; Blomstrand and Werner 1967; Forsgren, 1969; Shearer et al., 1974), 
have demonstrated that the major route of transport for lipid-soluble vitamins is by lymph. 
Chylomicrons are released from the enterocytes into the lymphatics. After being transported 
into the blood, they are acted upon by the endothelial-bound lipoprotein lipase to yield free fatty 
acids and chylomicron remnants (CMR). The CMR are taken up by parenchymal cells in the 
liver and processed further (Blomhoff, 1987). The low density lipoprotein (LDL) receptor 
may be involved in uptake of CMR by hepatocytes. 
Hepatic uptake and release. Most of the absorbed lipid-soluble vitamins are 
delivered to hepatic parenchymal cells (hepatocytes) when CMR are metabolized by the liver. 
Endosomal retinyl ester hydrolases in liver parenchimal cells release retinol from the CMR. 
Retinol then is transferred to the Golgi apparatus where it complexes with retinol-binding 
protein (RBP). Retinol-binding protein is the major carrier form of vitamin A in plasma. 
Plasma RBP is associated with transthyretin retinol (1:1, molrmol) to decrease the glomerular 
filtration of retinol. The liver stores vitamin A as retinyl ester and releases it into the circulation 
as retinol-RBP. During hypervitaminosis A, the liver may also secrete into the circulation 
retinyl esters in association with lipoproteins (Donoghue et al., 1983). 
It is known that human and animal diets contain two to four times greater 
concentrations of RRR-y-tocopherol than RRR-a-tocopherol (Bieri and Evarts, 1973). 
Intestinal absorption of the individual tocopherol isomers is similar (Traber and ECayden, 1989; 
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Traber, 1994). Vitamin E is secreted by the liver in VLDL (Bj0meboe et al., 1987; Cohn et 
al., 1988). The liver is responsible for the control and release of RRR-a-tocopherol into 
plasma (Traber and Kayden, 1989a; Traber et al., 1990; Traber et al., 1992;. This secrctory 
mechanism is a specific process that results in the preferential incorporation of RRR-a-
tocopherol into nascent VLDL. A liver protein called a-tocopherol transfer protein (a-TTP) 
selects the a-form of tocopherol at the expense of other tocopherol isomers (Traber, 1994; 
Traber, 1997) and transfers it to the nascent VLDL. Other isomers are mostly secreted into 
bile. Not only is RRR-a-tocopherol preferentially secreted with VLDL, but this process is 
essential for maintaining concentrations of vitamin E in plasma. RRR-a-Tocopherol is 
transported in blood in association with lipoproteins in ruminants, humans and rats (Al-
Senaidy, 1996; McCormicket al., 1960; Behrens et al., 1982; Bjomeboe, et al., 1998). 
Vitamin E is distributed among all lipoprotein classes (Behrens et al., 1982). No organ 
functions as a storage site for vitamin E. Vitamin E in the body is localized in the adipose 
tissue (Traber and Kayden, 1987) but is not readily mobilized from it (Schaefer et al., 1983). 
There are differences in the disposition of vitamin D after its ingestion or its delivery 
from the skin (Avioli, 1969; Whyte et al., 1979; Stanbury et al., 1980). Orally administered 
vitamin D requires the components of lipid absorption for assimilation, as indicated by the 
association of absorbed vitamin D with chylomicrons carried in the lymph (Avioli, 1969). 
Recent findings indicate that vitamin D3 in plasma is associated with vitamin D binding protein 
(DBP) (Haddad et al., 1993). The DBP is synthesized almost exclusively in the liver. 
Absorbed vitamin D reaches the liver on the CMR via specific receptor-mediated uptake and 
redistributes to other plasma carriers such as DBP, lipoproteins and albumin (Haddad, 1987; 
Barragry et al., 1979; Dueland et al., 1983; Dueland et al., 1983a). Hepatic uptake of vitamin 
D is modulated by its plasma carriers. Carriers interact with liver membrane receptors for 
CMR and low density lipoproteins (LDL) to facilitate hepatic uptake of vitamin D (Silver and 
Berry, 1982; Haddad et al., 1988; Haddad et al., 1989). Albumin and high density 
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lipoproteins (HDL) are less facilitative, and vitamin D bound to DBP is least apt to enter the 
liver or hepatocytes (Haddad et al., 1988; Kaddad et al., 1989). Liver and adipose dssue 
contain significant stores of vitamin D. 
Cellular uptake. The Holo-RBP delivers retinol to target cells where another 
retinoid-binding protein, celluiar retinol-binding protein (CRBP), has been postulated to be 
involved in the process of cellular uptake of retinol from RBP (for more details on mechanism 
see the review by Blaner and Olson, 1994). Once inside the cell, retinoids interact with four 
intracellular proteins. These are cellular rednol binding protein type I (CRBP-I) and type II 
(CRBP-H) and two cellular RA-binding proteins CRABP-I and CRABP-U. The CRBP-I is 
widely expressed in different tissues, whereas CRBP-II expression is restricted to the small 
intestine where it directs retinol esterification by LRAT. Once inside the target cell, retinol can 
be metabolized to all-trans-RA, 9-cis-RA, 3,4-didehydroretinoic acid and to a number of other 
biologically active retinoids (Thaller and Eichele, 1990). Retinol and retinal bound to CRBP-I 
serve as substrates for specific enzymes leading to production of all-trans-RA. CRBP-I 
provides both protection and specificity in the interaction between retinol and the intracellular 
enzymes. Similarly, CRABP-I functions as a carrier for the intermediates in die catabolism of 
all-trans-RA to more polar metabolites. The CRABP-H can perform a similar function. 
Neither CRABP-I nor CRABP-II bind 9-cis-RA. All-trans- and 9-cis-RA signals are 
transduced by two types of nuclear receptors; retinoic acid receptor (RAR) a, P and y are 
activated by both all-trans- and 9-cis-RA and retinoic X receptor (RXR) a, P and y are 
activated by 9-cis-RA (Leid et al., 1992; Kastreret al., 1994; Mangelsdorf et al., 1994). 
Lipoprotein lipase functions as a transfer protein for vitamin E, transferring tocopherols 
into tissues along with fatty acids during lipolysis of chylomicrons and VLDL (Traber et al., 
1985). Delivery of vitamin E to tissues can also take place via the LDL receptor (Traber and 
Kayden, 1984). RRR-a-Tocopherol, a structural component of biological membranes, 
protects lipids firom peroxidation but also plays an important role in stabilizing membranes 
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(Fukuzawa et al. 1992). Tocopherol consists of two functional domains, a hydrocarbon chain 
that orientates the molecule in the membranes, and a chromanol nucleus that has antioxidant 
properties. The chromanol nucleus of vitamin E is located in the hydrophobic inner regions of 
membranes (Kagan et al. 1988; Bisby et al. 1989; Fujii et al. 1991) and scavenges lipid peroxy 
radicals in the inner hydrophobic regions. RRR-y-Tocopherol is hydrophylic and plays a 
unique role in trapping nitrogen oxides and other electrophilic mutagens in the cytosol. There 
is no known intracellular receptor for vitamin E. 
Vitamin D3 undergoes 25-hydroxylation in the liver (Blunt et al., 1968), to form 25-
hydroxyvitamin D3 [25OHD3]. This is the major circulating form of vitamin D3. The active 
metabolite of vitamin D, 1,25-dihydroxyvitamin D3 [l,25(OH)2D3], which is formed in the 
kidney by hydroxylation of the la-position of 25OHD3 (Eraser and Kodicek, 1970; Holick et 
al., 1971). Vitamin D binding protein binds and transports l,25(OH)2D3 and its metabolites 
through blood. l,25(OH)2D3 dissociates from serum DBF, enters the cell by diffusion and 
interacts with its intracellular receptor. The cellular responses to l,25(OH)2D3 are mediated by 
the nuclear vitamin D receptor (VDR) (Haussler et al., 1988; Evans, 1988). The VDR is 
believed to reside in the nucleus prior to binding l,25(OH)2D3. However, several studies 
suggest that some of the actions of l,25(OH)2D3 may be mediated at the cell membrane or by 
extranuclear subcellular components (Nemere et al., 1984; Norman et al., 1984; Nemere and 
Norman, 1987). 
Mechanism of action. Nuclear receptors for RA and vitamin D belong to the 
superfamily of nuclear hormone receptors. Members of this family which include receptors of 
RARs, RXRs, VDR, thyroid hormone (TR) and metabolites of fatty acids associate with 
specific DNA response elements (RE) and either activate or repress transcription of target 
genes. Most nuclear receptors bind to DNA as dimers. RXR can bind with high affinity to 
DNA and regulate transcription as a homodimer. In contrast, the binding of other receptors 
like RAR, TR, VDR and peroxisome proliferator-activated receptor (PPAR) generally require 
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that they hetero^imerize with RXR Their transcriptional activities seem to be exerted mainly 
via these heterodimers (Yu et al., 1991; Durand et al., 1992; Hallenbeck at ai., 1992; Zhang et 
al., 1992; Gearing et ai„ 1993; Leid ct al., 1992). For this reason, RXR is referred to as "a 
master regulator", reflecting its central position as a participant in several signaling pathways. 
Members of the two retinoid receptor families efficiendy bind as either RXR-RAR 
heterodimers or RAR and RXR homodimers to response elements in vitro (Leid et al., 1992; 
Zhang et al., 1992; Kastner et al., 1994; Mangelsdorf et al, 1994; Heere etal., 1994). The 
active metabolite of vitamin Dj acts by binding to DNA usually as a heterodimer (RXR-VDR) 
(Haussler et al., 1997). 
It has been shown that apo-RXR self-associates into homotetramers (transcriptionally 
inactive) and that the receptor is predominantly tetrameric. Tetramers rapidly dissociate into 
transcriptionally active dimers and monomers upon binding of 9-cis-RA, suggesting that the 
ligand-induced change in the oligomeric state of RXR is the first step in the activation of this 
receptor and that the ligand stabilizes RXR homodimers (Chen et al., 1994; Kersten et al., 
1995; Kersten et al., 1995a; Kersten et al., 1995b; Vivat et al., 1997). 
In heterodimer complexes, RXR fiinctions as a silent parmer promoting the binding of 
the ligand-binding subunit to its specific RE. Other reports suggest that both subunits in an 
RXR heterodimer can be activated by ligand (Durand et al., 1994; Roy et al., 1995). 
Examination of the effects of ligands on RXR-RAR formation indicates that the RXR ligands 
decrease the binding affinity of the complex, whereas RAR ligands stabilize die heterodimer 
(Dong and Noy, 1998). The RXR-RAR is strongest when both receptors are bound with 
ligand (Dong and Noy, 1998). A similar pattern was observed when the formation of RXR-
VDR heterodimers was examined. The data showed that the RXR ligand inhibited while 
vitamin D3 enhanced the formation of this heterodimer. In the presence of both ligands, Kj 
was as low as it was with vitamin D3 alone, or some 5-fold lower than it was with 9-cis-RA 
alone. 
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On the basis of these data, Dong and Noy (1998) suggested a model outlining how 
ligands direct RXR into homo and heterodimeric transactivation pathways. According to this 
model, the main fraction of RXR in the absence of ligand is sequestered into tetramers and is 
thus transcriptionally silent. The small fraction of apo-RXR dimers and monomers, which 
coexist with tetrameric RXR, is at a dynamic equilibrium and can be converted into 
heterodimers if a parmer receptor is present. Addition of 9-cis RA induces dissociation of 
RXR tetramers. Because of the inhibitory effect of this ligand on heterodimer formation, a 
large fraction of RXR in mixtures containing an RXR-selective ligand and either RAR or VDR 
are present as RXR heterodimers. The RXR ligand will direct a large fraction of the population 
of RXR into an active homodimeric pathway. Addition of a cognate ligand for the parmer 
receptor results in diversion of most of the RXR into an active heterodimeric complex by 
stabilizing the respective heterodimers. 
It has been reported (Roy et al., 1995) that low concentrations of individual retinoids 
selective for either RARa, RARP or RARy do not induce or very inefficiently induce the 
expression of several RA target genes and differentiation of P19 and F9 cells. An RXR-
specific synthetic retinoid was similarly inefficient. Various combinations of RAR (RARa, 
RARP or RARy) and RXR-selective retinoids resulted in synergistic induction of all RA target 
genes examined, as well as in cell differentiation. It has been also reponed that RXR-RAR 
heterodimers bind to RE in vitro more efficiently than do RAR or RXR homodimers (Kasmer 
et al., 1994; Mangelsdorf et al., 1994; Glass, 1994; Giguere, 1994). 
Another interesting model was developed to explain altemative ailosteric pathways for 
the interaction of RXR-VDR with die VDR RE (VDRE) (Thompson et al.,1998). According to 
this model, it was proposed that both RXR and VDR, upon binding their respective ligands 
undergo distinct conformational changes, creating two altemative ailosteric pathways for RXR-
VDR association and response to ligand. In the first pathway, I,25(OH)2D3 first occupies 
monomeric VDR, altering the conformation of the ligand binding domain such diat it recruits 
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RXR for heterodimerization and subsequent VDRE recognition. They postulated that VDR, 
previously occupied with I,25(OH)2D3, conformationally influences RXR in the resulting 
heterodimer such that it is resistant to binding 9-cis-RA but is in a transcriptionally active state. 
Therefore, this action prevents 9-cis-RA from dissociating the flXR-VDR complex and 
diversion of RXR for retinoid signal transduction. They proposed that RXR also exists in a 9-
cis-RA-receptive state when present as a monomer, an apoheterodimer with unoccupied VDR 
or when the apoheterodimer is subsequently bound with l,25(OH)2D3. The EOCR-VDR-
1.25(0H)2D3 (second pathway) is hypothesized to be fully competent in VDRE recognition. In 
the latter the 9-cis-ElA binding function of the RXR partner has not been conformationally 
repressed, rendering this form susceptible to dissociation by 9-cis-RA, favoring formation of 
retinoid-occupied RXR homodimers. Unless VDR monomers are first occupied by 
1,25(0H)2D3 (first pathway), 9-cis-RA will divert or dissociate RXR leading to the formation 
of RXR homodimers (second pathway). 
Thompson et al. (1998) speculated that the heterodimer with bound l,25(OH)2D3, in 
the first pathway, is active in transcriptional stimulation, whereas the analogous species in the 
second pathway is relatively inactive. The l,25(OH)2D3-occupied VDR-RXRdimerinthe 
second pathway has the advantage of flexible regulation because it is effectively a two-iigand 
switch. Both pathways may occur in vivo because 9-cis-RA blunts of responsiveness of intact 
cells to 1,25(0H)2D3 is significant, but incomplete, suggesting that at least two populations of 
RXR-VDR heterodimers exist. 
When this model (RXR-VDR) is compared with RXR-RAR model, it is evident that it 
is fundamentally different. In the RXR-VDR model, 9-cis-RA is inhibitory in its action, 
diverting RXR to a retinoid responsive pathway. Occupation of VDR with 1,25(0H)2D3 
attenuates 9-cis-RA binding to the RXR counterpart, whereas in the RXR-RAR pathway 
occupation of RXR by its retinoid ligand results in cooperative stimulation of gene transcription 
by both of the vitamin A metabolites (aU-trans- and 9-cis-RA). 
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General Overview of the Immune Responses 
The immune responses are divided into two main reactions: cell-mediated immunity 
(CMI) and humoral immunity. The term CMI is generally used to describe immune responses 
in which a variety of immune cells play the primary role in the immune response, whereas 
antibodies play a secondary role. Humoral immunity describes immune responses dominated 
by antibodies. It is not possible, however, to consider cell-mediated and antibody-mediated 
responses entirely separately. Ceils are involved in the initiation of antibody responses, and 
antibodies act as an essential link in some cell-mediated reactions. Moreover, no CMI response 
is likely to occur in the total absence of antibody, which can modify cellular responses in 
numerous ways. 
Cell-mediated immunity includes helper and effector cells. The effector cells in CMI 
are cytotoxic T (Tc) cells, macrophages, and natural killer (NK) cells, which destroy infected 
or foreign cells through some combination of direct contact, secretion of soluble factors and 
recruitment of other cells such as neutrophils. 
In 1986, Mosmann suggested that most murine CD4'" and CD8' T cells could be 
classified into at least three subsets based on the cytokines they produce in response to 
antigens. The subset model has been developed fiirther and reviewed (Mosmann and 
Coffman, 1989; Cher and Mosmann, 1987; Koizumi et al., 1985; Mosmann, 1991; Mosmann 
and Moore, 1991; Gazzinelli et al., 1992; Manetti et al., 1993). Three different Th cell subsets 
have been described. The ThO subset represents an early precursor that under appropriate 
stimulation differentiates into Thl or Th2 cells. The stimulus, is usually provided by andgen-
presenting cells (APC) consisting of monocytes, macrophages, B ceils or dendridc cells. 
Interleukin-(IL) 12 produced by both monocytes, macrophages and B cells (D'Andrea et al., 
1992) promotes ThO cells to differentiate along the Thl pathway (Manetti et al., 1993). 
Interieukins 4 and 13 promote differentiation of ThO subset toward the Th2 pathway. 
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The Thi and Th2 subsets are defined by their cytcldne secretion patterns. The Thl 
ceils produce IL-2 and IFN-y, whereas Th2 cells produce IL-4, -5, -6, -10, and also -13 
(Mosmann and Cofftnan 1989; de Vrie<c, 1996), The ThO cells can produce a combination of 
the cytokines characteristic of Thl and Th2 cells like IL-2, -4, -13, IFN-y and other cytokines 
(Mosman, 1986; Fiorentino et al., 1989; Del Prete et al., 1991; de Waal Malefyt et al., 1995). 
The Thi cells can provide help to B cells to produce the immunoglobulin (Ig) G2a, whereas 
Th2 cells promote IgM, IgGl and IgE secretion by B cells (de Waal Malefyt et al., 1995; de 
Vries, 1996). Interferon-y produced by Thl cells increases bactericidial activity of monocytes 
and Tc cells (Gazzinelli et al., 1992). 
The Th subsets also regulate one another. Interferon-y produced by Thl cells inhibits 
IL-4 and IL-10 produced by Th2 ceils (Mosmann, 1991). Interleukin-lO produced by Th2 
cells also can inhibit Thl cell responses by inhibiting IL-12 secretion by monocytes (Mosmann 
and Moore, 1991; D'Andrea etal., 1993). Interferon-y enhances major histocompatibility class 
n antigen expression (Basham and Merigan 1984). The Thl and Th2 cells with similar 
patterns of cytokine secredon, have been desribed in humans (Salgame et al., 1991). 
Recent studies in bovine Th cell clones and cytokines have reported the presence of 
Thi- and Th2-iike immune responses under certain condidons. Most of the bovine Th clones 
stimulated with and specific for M. bovis/tuberculosis and Babesia expressed a Thl cytokine 
profile, whereas Fasciola-specific clones expressed a Th2 type of immune response (Brown et 
al., 1993; 1994ab; Brown and Estes, 1997). It is not yet clear if bovine Th cell responses 
could be classified as Thl- or Th2-like immune responses. 
Accumulating evidence demonstrates that the failure to resolve infectious or 
inflammatory diseases often results from an imbalance of these Th cell subsets rather than an 
insufficient immune response (Salgame et al., 1991; Powri and Coffinan, 1993). 
Understanding how immune responses are regulated in ruminants is critical for devising 
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strategies to direct an immune response toward a desired effector function required for either 
preventing infection or eliminating disease. 
Immune Response of the Periparturient Cow 
The modem dairy cow is unique in her experience of repeated cycles of pregnancy, 
gestation and lengthy lactations producing high volumes of milk. The period around 
parturition is one of the most critical stages in the life of the dairy cow. 
The dairy cow is most susceptible to metabolic and infectious disease during the 
periparturient period (Mahnowski et al., 1983; Oliver and Mitchell, 1983). It is probable that 
hormonal changes during this period of physiologic uransition conuribute to alterations in the 
immune response. Concentrations of progesterone, estrogen and Cortisol in plasma change 
dramatically at calving (Wetteman, 1980). All these hormones can modulate the immune 
responses (Kincade et al., 1994; Roth and Kaeberle, 1981; Roth et al., 1982; 1982a). 
Alterations in host defense during the periparturient period also are associated with changes in 
serum concentrations of the lipid-soluble vitamins. Goff and Stable (1990) reported a 
progressive decrease in retinol and RRR-a-tocopherol concentrations in the blood two weeks 
before parturition and reaching the lowest concentrations (2.6- and 2.1-fold lower, 
respectively) one day after parturition. In contrast, concentrations of l,25(OH)2D3 remained 
constant two weeks before calving and increased substantially immediately after parturition 
(Goffetal., 1989). 
Alterations of immune response and innate host resistance mechanisms of the dairy cow 
normally begins three weeks prior to calving, are maximal at parturition, and persist until three 
weeks after calving (Mallard et al., 1998). Although this pattern is somewhat dependent upon 
the parameter under investigation, it serves as a useftil criterion for defining the peripartal 
period when various aspects of host defense may be depressed and disease incidence is high. 
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Numerous investigations (Kasiiiwazaki et ai,., 1985; Ishikawa, 1987; Nagahatc et al., 
1987; Kehrli et al., 1989; Saad et al., 1989) have reported reduced lymphocyte responsiveness 
around calving. Studies by Kehrli et al, (1989) utilizing Holstein cows demonstrated that 
peripheral MNL response to mitogen declined steadily from two weeks prepartum until the 
week of calving and then began to increase again at week two postcalving. Saad et al. (1989) 
also reported a steady decline in lymphocyte responsiveness in Swedish Red and White cows 
from three weeks precalving through to parturition and recovery at about week two or three 
postpartum. Ishikawa et al. (1994) observed a reduction in IFN-y secretion by CD4* T cells in 
perinatal cows (three weeks before to two weeks after calving) compared with that in the non­
pregnant control group. In a study using cows sampled weekly around parturition. Harp et al. 
(1991) found a significant increase in the percentage of circulating 004"^ T cells after calving 
compared with the percentage of tiiese cells prepartum. Recentiy, Kimura et al. (1999) 
reported a steady decline in the percentage of CDS"^, CD4^ CDS"^ and y8-T cell receptor^ cells 
in Jersey cows before calving reaching Uie lowest value at parturition and returning to 
precalving values two weeks after calving. Mastectomy eliminated almost all changes in 
leukocyte subsets observed at the time of parturition, suggesting these changes may be due to 
nutrition and hormonal changes associated with milk production. Nonnecke et al. (1998) also 
found that and IgM secretion decreased significantiy in intact cows at calving but not in 
mastectomized cows, suggesting again a significant role of the mammary gland to the reduction 
in function of MNL around parturition. 
All postparturient cows experience a transient leukopenia (Nagahata et al., 1987; Kehrli 
et al., 1989; Saad et al., 1989; Gilbert et al., 1993). The influx of neutrophils into the 
reproductive tract and mammary gland may be a major cause of the transient neutropenia after 
calving (Gunnink, 1984). Kehrli et al. (1989, 1989a, 1991) observed a decrease in the 
oxidative burst by neutrophils but an enhancement in their capacity to ingest antibody-
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opsonized bacteria. Detiileux at al. (1995) indicated that an incre-nsed proportion of immanare 
neutrophils may be contributory. 
Ishikawa (1987) reported a rapid decrease in the serum IgG concentration from the 
third trimester reaching the lowest level at parturition. Kehrli et al. (1990), contrary to 
Ishikawa's report, did not observe a decline in serum IgG2 concentration but they suggested 
that the difference in results was probably due to the time of sampling. 
Nagahata et al. (1992) found no differences in the number of B lymphocytes during the 
peripanurient period but observed a decrease in the number of plaque-forming cells in 
peripheral lymphocytes from cows at parmrition and three days after parturition indicating that 
the function of B lymphocytes may decrease during the immediate postpartal period. Brenner 
et al. (1995) found a significant decrease in serum and uterine IgG concentrations one week 
before to one week after parturition. Nonnecke et al. (1998) also reported a decline in IgM 
production (five to one day before parturition) by MNL in Jersey cows. 
Modulation of Immune Responses bv Vitamins A. D and E 
Vitamin A and the immune response. Recent research on effects of vitamin A 
on the immune response indicates that vitamin A generally suppresses CMI response in mice, 
humans and cattle but at die same time it stimulates a humoral immune response. For example, 
vitamin A deficiency results in a priming environment conducive for Thl cell development and 
limits Th2 cell growth and differentiation in mice (Cantoma et al., 1995). all-trans-Retinoic 
acid addition in vitro down-regulated the APC function in vitro, inhibited IFN-y gene 
expression and the concentration of IL-12 transcripts, and promoted Th2 cell differentiation 
and growth (Cantoma et al., 1994). Vitamin A inhibited secretion of Thl cytokines [XPN-y, 
granulocyte-macrophage colony stimulating factor (GM-CSF), IL-2] in vitro in a dose-
dependent manner, but did not affect secretion of Th2 cytokines (IL-4 and IL-10) in mice 
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infected with Leishmanla major (Frankenburg et al., 1998). In vitamin A-deficient mice, the 
delayed type hypersensitivity (DTH) responses to dinitrifluorobenzene (Smith et al., 1987) or 
picryl chloride (Ahmed et al., 1990) were significantly lessened. Lessard et al. (1997) 
observed a decrease in the percentage of CD4'' T lymphocytes, mainly Th cells, and a lower 
CD4^: CDS"^ ratio in broiler chickens fed a low vitamin A diet. Carman and Hayes (1991) and 
Weiderman el al. (1993) reported that Thl cells were up-regulated and that Th2 cell functions 
were suppressed in vitamin A-deficient animals. Rats fed a vitamin A-deficient diet had fewer 
CD4*' T cells, B lymphocytes, splenic B cells and NK cells and had three times the number of 
granulocytes compared with control rats (Zhao and Ross, 1995). When vitamin A-deficient 
rats were fed all-urans-RA numbers of blood lymphocytes increased 40% due to increases of B 
cells and T cells of 004"^ and CDS"^ subsets and the numbers of blood granulocytes and NK 
cells equaled those of control rats (Zhao and Ross, 1995). 
As initially suggested by Sidell et al (1984) and later by Sherr et al. (1988), retinoids 
enhance Ig synthesis, presumably by augmenting B-cell differentiation. In newborn infants 
all-trans-RA increased IgM synthesis by cord blood MNL, whereas in adults it augmented IgG 
production by peripheral blood MNL (BaLIow et al., 1996). In adenoidal cells that have an 
intermediate phenotype between cord and adult B cells, all three isotypes, IgM, IgG and IgA, 
were enhanced by all-trans-RA (Ballow et al., 1996). Recently, Wiedermann et al. (1993) 
reported evidence of a direct relationship between vitamin A status and IgA production in the 
mucosal immune system. Vitamin A-deficient rats displayed lower concentrations of IgA in 
bUe against orally administered cholera toxin; vitamin A supplementation restored the response. 
Tokuyama and Tokuyama (1999) reported that all-trans-RA induced a switch to IgA production 
in cooperation with IL-5 and inhibited IgGl production. 
Retinoids have been reported to potentiate NK cell activity (Goldfarb et al, 1982), T cell 
mediated cytotoxicity (Dennert and Lotan, 1978), and macrophage function (Goldman, 1984). 
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aU-trans- and 13-cis-Retinoic acid also increase phagocytic activity of macrophages and IL-1 
production in micp. (Dillehay et al., 1988). 
Nonnecke et ai. (1993; 1994) obser/ed inhibition of bovine MNL proliferation and a 
reduction in numbers of 004"^ T cells, IL-2 receptor"^, major histocompatibility complex 
(MHC) class iT cells and an enhancement of IgM production by trans and cis isomers of 
retinol and RA in cultures of bovine MNL supplemented with 13-cis-RA. Eicher et al. (1994, 
1994a) showed that vitamins A and E improve bactericidal activity of macrophages and 
decrease neutrophil bactericidal activity in calves. 9,13-dicis-Retinoic acid had no effect on 
IFN-Y secretion by MNL in neonatal calves and adult cattle (Rajaraman et al., 1997; Nonnecke 
et al., 1997). 
Vitamin D and the immune response. The effects of vitamin D are very similar 
to those of vitamin A regarding suppression of Thl-like immune responses. Vitamins A and 
E, however, promote the development of Th2-like responses in humans and mice (Wientroub 
et al., 1989). Peripheral T and B lymphocytes do not possess receptors (VDR) for 
I,25(0H)2D3 (Prowedini et al., 1983; Bhalla et al., 1983). They do express VDR activated 
with mitogens or infection. 1,25-Dihydroxyvitamin D3 suppresses proliferation of T 
lymphocytes (Rigby et al., 1985; Manolagas et al., 1986), decreases IFN-y and IL-2 synthesis 
(Reichel et al., 1987; Hodieret al., 1985; Bhalla et al., 1986) and inhibits both €04"^ and 
CDB"^ T cells (Rigby et al., 1987) in vitro by human peripheral blood MNL. 
On the other hand l,25(OH)2D3 inhibits generation of plasma cells (Ig-secreting cells) 
(Shiozawa et al., 1985) and the production of IgM and IgG by B cells (Prowedini et al., 
1986). 1,25-Dihydroxyvitamin D3 inhibits Ig production by inhibiting IL-2 receptor 
expression on B cells (Chen et al., 1987). 
Physiologic concentrations of l,25(OH)2D3 promote differentiation of monocyte and 
promonocyte cell lines toward a macrophage phenotype while inhibiting differentiation to 
granulocytes (Abe et al., 1981; Miyaura et al., 1981; Tanaka et al., 1982; Abe et al., 1984; 
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Barton et al., 1994). 1,25-DihycirQxyvitamin D3 enhances the cytotoxicity of pulmonary 
macrophages (Abe et al., 1984) and secretion of H2O2 in monocjrtes isolated from normal 
humans and the U937 cell line (Cohen et al., 1986; Roux-Lombard et al„ 1986). Also, 
1,25(0H)2D3 enhances the expression of MHC class II antigens (Morel et al., 1986) promoting 
the antigen-presenting functions of monocytes. Alveolar macrophages from humans suffering 
from sarcoidosis may secrete la-hydroxylase, which is able to convert 25OHD3 to 
1,25(0H)2D3 by a metabolic process distinct from classical renal metabolism (Adams and 
Gacad, 1985). Moreover, synthesis of la-hydroxylase by resting human mononuclear 
phagocytes could be induced by IFN-Y(Koeffler and Norman, 1985). 1,25-Dihydroxyvitamin 
D3 impairs the production of IL-1, IL-6 and tumor necrosis factor (TNF)-a by mononuclear 
phagocytes (Kankova et al., 1991; Miyaura et al., 1989; Biifeld et al., 1991; Taimi et al., 
1993). Boitz-Nitulescu et al. (1995) reported an increase in fragment crystallizable a receptor 
(FcoR) expression on cultured human peripheral blood monocytes and myelomonocytic cell 
lines and a decrease in the basal expression of FceRII, FcyRI, and FcyRII on monocytes, 
impairing FcyR-mediated phagocytosis. 
In vitro tteatment of human peripheral blood MNL with l,25(OH)2D3 increases NK 
cell-mediated cytotoxicity (Quesada et al., 1995). It decreases polymorphonuclear neutrophil 
proliferation (Hoessly et al., 1989) and migration (Gerritsen et al., 1993). 
Research conducted in cattle indicates that l,25(OH)2D3 suppresses Thl-like immune 
responses (CMI), but, in contrast with humans and mice, it stimulates Th-2-like immune 
responses. Nonnecke and Horst (1992) demonstrated that 1.25(OH)2D3 suppresses the 
proliferation of mitogen-stimulated peripheral blood MNL. It also suppresses CD4'^ T cell 
proliferation but stimulates proliferation of CDS"^ T cells. Addition of l,25(OH)2D3 to culmres 
of bovine MNL inhibits proliferation of MHC class II antigen'^ cells. Nonnecke et al. (1992) 
also observed l,25(OH)2D3-induced enhancement of IgM secretion by bovine mononuclear 
leukocytes in vitro. Reinhardt et al. (1999, in press) found that injection of l,25(OH)2D3 with 
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an E. coli J5 vaccine augments serum IgGl and IgG and milk IgM, IgG and IgA to E. coii 15. 
In contrast, serum IgG2 titers decline in cows receiving l,25(OH)2D3. 
Vitamin E and the immune response. Cells of the immune system have the 
highest concentration of vitamin E compared with the other cells in the organism (Hatman and 
Kayden, 1979; Coquette et al., 1986). Vitamin E, in contrast to vitamins A and D, has 
stimulatory effects on Thl and Th2 responses. Vitamin E supplementation increases CMI 
responses in humans (Meydani et al., 1997), calves (Cipriano et al., 1982; Reddy et al., 
1986), pigs (Larsen and Tollersrud, 1981), dogs (She^ and Schuiz, 1979) and laboratory 
animals (Bendich et al., 1986; Corwin and Gordon, 1982; Eskew et al., 1985; Lim et al., 
1981; Watson and Petro., 1982). Tanaka et al (1979) found that dietary supplementation of 
vitamin E enhances Th cell activity in mice. Meydani et al. (1990, 1994, 1997) reported 
increased DTH in individuals supplemented with vitamin E. They also observed enhanced 
lymphocyte proliferation and IL-2 production. Erf et al. (1998) observed a higher percentage 
of CD4'^ thymocytes and a higher CD4'^: CD8'^ thymocyte ratio in broilers supplemented with 
vitamin E. Similarly, vitamin E was found to increase the ratio of mature CD4"^: CD8'^ 
thymocytes (Moriguchi et al., 1993). 
Natural killer cell activity increased by feeding increasing amounts of dietary vitamin E 
to rats (Moriguchi et al., 1990). The capacity of alveolar macrophages to phagocytose 
opsonized sheep red blood cell (SRBC) increased with increasing vitamin E contents in the diet 
and showed a five-fold increase in the rats fed the diet with the highest vitamin E content 
(2,5(X) mg/kg diet). A significant decrease in the release of reactive oxygen species, lipid 
oxidation, IL-ip secretion, and monocyte-endothelial cell adhesion in human subjects 
supplemented with RRR-a-tocopherol has been reported (Devaraj et al., 1996). 
Several studies have shown that vitamin E enhances humoral immime responses in 
humans, chicks, turkey, mice, dogs, sheep and pigs (Tengerdy et al., 1983; Mahan, 1986; 
Meydani et al., 1986; Tangerdy, 1990; Lessard et al., 1993; Friedman et al., 1998). Franchini 
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et al. (1995) indicated tiiat vaccines administcicd widi vitamin E induced a "lore rapid and 
higher antibody response when compared with controls. Elderly subjects fed vitamin E had 
higher antibody responses to tetanus vaccine and hepatitis B (Meydani et ai.. 1997). Ho'vcver, 
Friedman et al. (1998) reported that too much vitamin E (15-fold greater than the NRC 
requirement) led to reduced antibody production in both chicks and turkey. 
Research in dairy cattle indicates that vitamin E is stimulatory to CMI response. Reddy 
et al. (1987) observed that blastogenic responses of mitogen-stimulated lymphocytes were 
higher in supplemented calves than in control ones. Neutrophils from cows injected with 
vitamin E had greater intracellular kill of bacteria at calving than did neuu^ophils from placebo-
injected cows (Hogan et al., 1992). Interleukin-1 production and MHC class II antigen 
expression by macrophages remained unchanged in postpartal cows supplemented with vitamin 
E when compared with control cows (Politis et ai., 1995). In viuro addition of RRR-a-
tocopherol to cultures of bovine MNL increased IgM production (Stabel et al., 1992). Vitamin 
E also enhanced serum IgM titers in cows vaccinated with E. coli J5 (Hogan et al., 1993). In 
the same experiment, the mixture of Freund's adjuvant with vitamin E resulted in higher serum 
and mUk IgG titers compared with Freund's alone. Stabel et al. (1992) reponed that IL-1 
secretion, a B-cell grov^th and differentiation factor, was enhanced by RRR-a-tocopherol. 
Taken together, these data indicate that both vitamins A and D have similar effects in 
bovine animals by suppressing CMI responses and boosting humoral immune responses, 
whereas vitamin E stimulates both CMI and humoral immunity. 
Neonatal Calf 
The maturation of an animal from embryo to an adult animal is a continuous process 
characterized by rapid physiological changes. An excellent example of these changes is the 
gastrointestinal tract of the neonatal calf that differs in several ways from that of the mature 
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animal. Posmatal development of the digestive system ha^ been divided into three phases. The 
first is a premmlnant phase (zero to three weeks), transitional phase (four to eight weeks), and 
an adult phase that is initiated at approximately eight weeks of age (Huber, 1969; Davis and 
Clark, 1981; Smith and James, 1982). At birth, roughly 70% of the total volume of the four-
compartment stomach (rumen, reticulum, omasum and abomasum) is the true stomach or the 
abomasum (Grossman, 1949; Radostits and Bell, 1970). For this reason, newborn calves are 
considered to be functional monogastrics for the first eight weeks of life. Because of a lack of 
an accepted animal model for the study of absorption and metabolism of carotenoids in humans 
and because of die similarity of the neonatal calves GI tract function with that of monogastrics, 
calves recently are being used as models for studying the bioavailability of carotenoids without 
complications of the rumen function (Poor et al., 1991; Hoppe et al., 1995). 
From birth to three weeks of age, the diet for calves must be in liquid form and contain 
nutrients that can either be digested by the enzyme system of the calf or be absorbed unaltered. 
The young calf is extremely limited in its ability to digest carbohydrates other than lactose. 
Little or no digestion of sucrose, maltose and starch occurs. The neonatal calf is well equipped 
enzymatically to digest proteins found in milk: provided that these proteins have not been 
severely denatured by heat treatment. Regarding lipid digestion, salivary lipase contributes to 
the hydrolysis of dietary fats and triglycerides (Edwards-Webb, 1983). The activity of 
pancreatic lipase per unit of live weight is low at birth but increases thereafter. In die calf, lipid 
digestibility depends on the quantity ingested at least untU the age of three weeks, when calf is 
not able to absorb more than 5.4 g of fatty matter in mUk per kg of liveweight per day (Mylrea, 
1966). In general reduced lipase activity is a major cause of insufficient lipid absorption in 
neonates (Widdowson, 1984). 
In the United States, it is a common practice to remove newborn calves firom the cow 
shortiy after birth and feed them colostrum in the first 24 h postparmm. Colostrum contains 
various substances including lipid-soluble vitamins, that are very important for the newborn 
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animal. Newborn calves contain low concentrations of p-carotene, retinol and RRR-a-
locopherol in their tissues and blood plasma because of a very limited placental transfer from 
the dam to the fetus (Bondi, 1987; Hidiroglou, 1989; Kumagai et al., 1994). Mammary 
transfer and/or supplementation of neonatal calves with P-carotene, retinol and vitamin E is 
necessary for optimal development (Hidiroglou, 1989; Eicheret al., 1994). Concentrations of 
vitamins A and E in plasma increase in neonatal calves after colostrum intake (Kumagai et al., 
1994; Rajaraman et al., 1997a). However, concentrations of P-carotene, retinol and RRR-a-
tocopherol decrease from the first to the fourth milked colostrum sample to relatively low 
concentrations in mature milk in dairy cows (Hidiroglou, 1989; Ferrando and Furlon, 1979). 
Because of the well-known effects of vitamins A and E on the immune response (Kabara, 
1980; Eicher et al., 1994a) there have been concerns that milk alone cannot provide the 
newborn calf with sufficient vitamins. 
Almost 60% of the newborn calves in the United States are fed milk replacer after being 
fed colostrum. One of the main reasons for feeding newborn animals a milk replacer is to 
decrease the spread of infectious diseases from cow to calf Mastitic milk, for example, may 
expose calves to high dietary intakes of bacteria. But another imponant reason is to provide 
them with appropriate vitamin intake. Because of the very important functions of vitamin A 
and its relatively low cost, the amount of vitamin A in milk replacer has been increased to more 
than 20-fold the NRC requirement. Meanwhile, because of its greater cost, the amount of 
vitamin E in milk replacer has remained low. Supplementing milk replacer-fed calves with 
excess vitamin A has raised concerns regarding the impact of this practice on the bioavailability 
of dietary vitamin E. Several authors have reported that high amounts of dietary vitamin A in 
the milk or milk replacer are associated with reduction of concentrations of vitamin E in plasma 
of calves (Dicks et al., 1959; Zinn et al., 1996; Franklin et al., 1998). Nonnecke et al. (1995) 
reported a strong negative association between plasma retinol and ElRR-a-tocopherol 
concentrations in neonatal calves fed milk replacer without vitamin A or supplemented with 
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either p-carotene or retinyl acetate. Given the very important antioxidant and 
immunostimuiatory roles of vitamin E, there are concerns that feeding very high amounts of 
vitamin A may have an impact on the health status of the newborn calf. 
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CHAPTER 2. 1^5-DIHYDROXYVITAME^ D3 INHIBITS 
SECRETION OF INTERFERON-y BY MITOGEN- AND 
ANTIGEN-STIMULATED BOVINE MONONUCLEAR 
LEUKOCYTES 
A paper published in the journal of Veterinary Immunology and Immunopathoiogy' 
B. N. Ametaj," D. C. Beitz, ^ T. A. Reinhardt, ^ and B. J. Nonnecice, ^ 
Abstract 
1,25-Dihydroxyvitamin D3 (l,25(OH)iD3), the biologically active metabolite of vitamin 
D, and A~-26-F3-l,25-Dihydroxyvitamin D3 (A~-26-F3-l,25(OH)2D3), a synthetic analog 
with a high affinity for the vitamin D receptor, significantly inhibited interferon-y (IFN-y) 
secretion in 24- and 48-h cultures of pokeweed mitogen (PWM) and ovalbumin (OVA) 
stimulated peripheral blood mononuclear leukocyte (MNL) from adult, OVA-sensitized dairy 
cattle. Vitamin D-induced inhibition of IFN-y production was most pronounced in MNL 
cultures supplemented with l,25(OH)2D3 at 1.0 nM or more, a concentration equal to or 
exceeding that in plasma of cows with clinical hypocalcemia. Secreted IFN-y was undetectable 
in all resting MNL cultures. Ultra-low concentrations (0.0001,0.00 L, and 0.01 nM) of 
Reprinted from the journal of Veterinary Immunology and Immunopathoiogy (1996. 52: 77-90) with 
l^ermission from Elsevier Science. 
"Graduate student. Nuuitional Physiology Group, Department of Animal Science. Iowa State University, Ames, 
JA. 
Nutritional Physiology Group, Department of Ammal Science, Iowa State University, Ames. lA. 
Um'ted States Department of Agriculture, Agricultural Research Service, National Animal Disease Center, 
Ames, lA. „ „ 
Abbreviations: A -26-F3-l.25(OH)2D3 = A -26-F3-1,25-Dihydroxyvitamin D3; I.25(OH)2D3 = 1,25-
Dihydroxyvitamin D3; l,25,28(OH)3D2 = 1.25,28-Trihydroxyvitamin D2: FBS = Fetal bovine serum: IFN-Y = 
interferon-y; IL = interleukin; LPS = Lipopolysaccharide; MHC = Major histocompatibility complex: MNL = 
Mononuclear leukocytes: nM = 10"* mol/L: OVA = Ovalbumin: PBST-g = Phosphate-buffered saline solution 
with Tween 80 at 0.1% vol/vol and gelatin at 0.1% vol/vol: PWM = Pokeweed mitogen: TNF-ot = Tumor 
necrosis factor: VDR = Vitamin D receptor. 
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1^5(0H)2D3 had no effect on IFN-y secretion by PWM-stimuiated bovine MNL, unlike a 
previous study in other species demonstrating enhancement of IFN-y secretion at these 
concentrations. Preincubation of MNL with l,25(OH)2D3 (10 nM) in the absence of PWM for 
1 h did not affect subsequent IFN-y secretion in control or l,25(OH)2D3-supplemented, 48-h 
MNL cultures indicating the sterol must be present at the time of MNL activation to effect 
secretion of IFN-y. Interferon-y secretion was inhibited in cultures supplemented with 
1,25(0H)2D3 at 0,4, 8, 16, or 24 h into the 48-h incubation period. Overall, these data 
indicate that l,25(OH)2D3 inhibits IFN-y secretion by mitogen- and antigen-activated bovine 
MNL in vitro, and suggests tiiat milk fever-related or therapeutically induced elevations of 
1,25(0H)2D3 in the dairy cow may influence IFN-y secretion by in vivo activated leukocytes. 
1. Introduction 
1,25-Dihydroxyvitamin D3 [l,25-(OH)2D3] is a potent, namrally-occurring metabolite 
of vitamin D that plays a pivotal role in calcium homeostasis in monogastric and ruminant 
animals (Reinhardt and Hustmyer, 1987; DeLuca et al., 1990). Within the last decade, 
research has established l,25(OH)2D3 as a modulator of the proliferation and functional 
capacities of cells of the non-ruminant immune system. In this role, l,25(OH)2D3 functions in 
an autocrine and paracrine fashion by acting as ligand for high affinity nuclear receptor (vitamin 
D receptor, VDR) constitutively expressed in monocytes and in activated T and B lymphocytes 
(Bhalla et al., 1983; Prowedini et al., 1983). The potency of vitamin D metabolites is 
correlated with their affinities for the VDR (Reichel et al., 1987). As an immunomodulator, 
1,25(0H)2D3 has been shown in vitro to promote differentiation of leukemic and normal 
myeloid stem cells toward the macrophage phenotype (Suda et al., 1986); to stimulate 
inflammatory cytokine gene expression and secretion; and to reduce major histocompatibility 
complex (MHC) class II antigen expression by mononuclear leukocytes (Hodler et al., 1985; 
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Bhalla et al., 1986, Bhalla et al., 1991; Muller et al., 1991; Tokuda et al., 1992). Antigen- and 
mitogen-induced DNA-syntliesis in T-ceils and CD4" T-cell-dependent immunoglobulin 
secretion by B-cells were suppressed by l,25(OH)2D3 (Jordan et al., 1990; Lemire et al., 
1984; Rigby et al., 1987b; Shiozawa et al., 1985). These activities are likely mediated by the 
capacity of l,25(OBr)2D3 to inhibit IL-2 (Rigby et al., 1984, Rigby et al., 1985, Rigby et al., 
1987a) and interferon-y (IFN-y) (Reichel et al., 1987; Rigby et al., 1987a) mRNA. and 
protein levels in activated lymphocytes. 
Research considering the effects of l,25(OH)2D3 on the bovine immune system are 
relevant and necessary, since the immunologic consequences of natural elevations of plasma 
l,25(OH)2D3 concentrations in the dairy cow during the periparturient period (Horst et al., 
1978; Reinhardt and Hustmyer, 1987) or artificial increases associated with experimental 
protocols for prevention of milk fever (Goff et al., 1986a; Goff et al., 1986b) are unknown. 
In the dairy cow, the physiologic u-ansition spanning late pregnancy, parturition and initiation 
of lactation is associated with dramatic hormonal fluxes and altered immune cell fiinction with 
increased risk of infection (Newbould, 1976; Lloyd, 1983; Kashiwazaki et al., 1985). 
Recendy, it was shown in vitro that l,25(OH)2D3 (l.O nM) can inhibit cell proliferation in 
mitogen-induced mononuclear leukocyte (MNL) cultures through its effects on and 
008"^ T-cell subsets (Nonnecke et al., 1993), reduce expression of antigens associated with 
lymphocyte activation in mitogen-stimulated MNL cultures (Nonnecke et al., 1993), and 
enhance mitogen-induced polyclonal IgM secretion in cultures of bovine MNL (Nonnecke and 
Horst, 1992). 
The capacity of peripheral blood CD4"^ T-cells from perinatal cows to produce IFN-y is 
compromised several weeks before to several weeks after parturition (Ishikawa et al., 1994). 
Because plasma concentrations of l,25(OH)2D3 increase dramatically 24-48 h postcalving, 
especially in cows with parturient paresis, and l,25(OH)2D3 has the potential to modulate the 
proliferation and fimction of bovine T-cells, it is possible that changes in IFN-y and 
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1,25(0H)2D3 concentrations are related. The purpose of the present study was to determine 
effects of 1,25(0H)2D3 on IFN-y secretion in cultures of resting and mitogen- or antigen-
stimulated MNL from healthy, adult dairy catde. 
2. Materials and Methods 
2.1 Cattle and MNL isolation 
Female, nulliparous, age-matched Holstein cattle were used as cell donors in this study. 
Cattle were housed at the U.S. Department of Agriculture, Agricultural Research Service, 
National Animal Disease Center, and were fed a pelleted diet containing ground com cobs, 
wheat middlings, and com. This diet was sufficient to maintain energy and protein 
requirements. Water was provided ad libitum. The animals were clinically normal throughout 
the experimental period. Plasma l,25(OH)2D3 concentrations for these animals averaged 0.039 
nM, and were within the normal range of 0.02-0.10 nM for non-lactating cattle. Each animal 
was sensitized to the T-dependent antigen, ovalbumin (OVA, salt-free chicken egg albumin, 
Sigma. St. Louis. MO) prior to the initiation of the smdy as previously described (Nonnecke et 
al., 1992). Peripheral blood MNL from OVA-sensitized cattle demonstrated significant 
blastogenic responses to antigen in an in vitro lymphocyte blastogenesis assay (data not 
shown). All animai-related procedures were approved by the U.S. Department of Agriculture, 
Agricultiu-al Research Service, National Animal Disease Center's Animal Care and Use 
Committee. 
Mononuclear leukocytes were isolated and enriched from peripheral blood of cattle 
using a procedure reported previously (Nonnecke et al., 1992). Recovered cell populations 
were over 95% MNL when stained with Wright-Giemsa stain and viewed by light microscopy. 
The MNL were resuspended in RPMr-1640 medium (Gibco, Grand Island, NY). 
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2.2 Vitamin D compounds 
1,25-Dihyclroxyvitamin D3 and the synthetic analogs, A~-26-F3-l,25-
dihydroxyvitaminD3[A"-26-F3-l,25(OH)2D3] and 1,25,28-trihydroxyvitamin Dt 
[1,25,28(0H)3D2J (generous gifts from Milan Uskokovic , Hoffman-LaRoche, Nutley, NJ) 
were dissolved in 100% ethanoi at 82 ng ^iL"' and stored at -20°C until needed. On the day of 
an experiment, vitamin D compounds were diluted in fetal calf serum (FBS) (Hyclone Labs, 
Logan, UT) and RPMI-1640 to provide concentrations in culture ranging from 0.0001 to 10 
nM. Using this method, the concentration of ethanoi in culture was consistently less than 
0.01% vol/vol; a concentration shown previously to have negligible effects on the function of 
bovine leukocytes (Nonnecke and Horst, 1992). Relative binding affinities of l,25(OH)2D3 
and A~-26-F3-l,25(OH)2D3 for bovine intestinal VDR were shown to be similar, whereas the 
affinity of l,25,28(OH)3D2 was approximately 100-fold less in an assay measuring the capacity 
of vitamin D analogs to competitively inhibit binding of ["'Hl-labelled I,25(OH)2D3 to bovine 
intestinal VDR (Reinhardt and Horst, 1989). 
2.3 Mononuclear leukocyte cultures. 
Effects of 1,25(0H)2D3 on IFN-y secretion by cultured MNL were evaluated in four 
different experiments. In all experiments, 200-pL cultures were established in tissue culture 
plates (96-well, Costar, Cambridge, MA) and seeded with 1 x 10*^ cells (culmre density of 5.0 
X 10*^ ml"'). Cultures were either unstimulated (no mitogen or antigen) or stimulated with 
pokeweed mitogen (PWM) (Sigma, St Louis, MO), antigen (OVA), or Upopolysaccharide 
(LPS, Sigma, St. Louis, MO), depending on the particular experiment. All cultures contained 
FBS {5% vol/vol) and were incubated 24 and/or 48 h at 39°C in a humidified atmosphere 
containing 5% CO2. Culture supematants were then harvested from centrifiaged plates (400 X 
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g, 5 min, room temperature) and stored at -80°C until IFN-y analysis. Descriptions of 
individual experiments follow. Each experiment was performed on at least two occasions. 
2.3.1. Experiment 1 
In this experiment, effects of l,25(OH)2D3, A~-26-F3-l,25(OH)2D3, and 
l,25,28(OH)3D2on IFN-y secretion in resting, and mitogen- and antigen-stimulated cultures 
were evaluated. Using MNL from eight donor cattle, duplicate cultures of each animal's MNL 
were prepared which were unstimulated or stimulated with PWM (5 and 10 |j,g ml"'), OVA (16 
and 32 |xg ml"'), or LPS (10 |ig ml"'). Cultures were supplemented at the initiation of the 24-
or 48-h incubation period with each sterol at 0,0.1, 1.0, or 10 nM. Unsupplemented control 
culmres received an equivalent volume of ethanol and RPMI-1640 medium. Supematants were 
harvested from identically prepared 24- and 48-h cultures. Effects of each of the vitamin D 
compounds on MNL from the eight donor cattle were evaluated on separate days. 
In a related experiment, effects of extremely low concentrations of l,25(OH)2D3 on 
IFN-y secretion by PWM-stimulated cultures were evaluated. Using MNL from six donor 
cattle, quadruplicate cultures were prepared which were stimulated with PWM at 5, 10, or 20 
;j.g ml"'. i,25(OH)2D3 at 0, 0.0001, 0.001, or 0.01 nM was added to each of these cultures. 
Supematants were harvested after incubation for 48 h. 
2.3.2. Experiment 2 
Effects of preincubation of resting MNL with l,25(OH)2D3 on their subsequent 
capacity to secrete IFN-y when stimulated with PWM were evaluated. Using MNL from six 
donor cattle, resting (no stimulation) MNL cultures were incubated 1 h without (control) or 
with 1,25(0H)2D3 at 10 nM. Controls received an equivalent volume of ethanol. Cells were 
subsequently washed (400 X g, 5 min, room temperamre) twice and then stimulated with 
50 
PWM (5,10, or 20 {Xg ml"') in the presence or absence of l,25(OH)2D3 (10 nM). Culture 
supematants were harvested after incubation for 48 h. 
2.3.3. Experiment 3 
Effects of the addition of l,25(OH)2D3 at 0,4,8, 16, or 24 h into the primary 
incubatioa period on IFN-y secretion by PWM-stimulated MNL cultures were evaluated. 
Using MNL from six donor cattle, cultures stimulated with PWM (5, 10, and 20 jxg ml"') 
either received no l,25(OH)2D3 during a 48-h incubation period (control) or were 
supplemented with l,25(OH)2D3 (10 nM) at 0,4,8, 16, or 24 h into the incubation period. 
Unsupplemented control cultures received an equivalent volume of RPMI-1640 medium with 
res. Maximum culture volume in this experiment was 300 |j,l. The FBS in all cultures was 
maintained at 5% vol/vol throughout the 48-h incubation period. 
2.4 Assay of IFN-y production 
Interferon-y was measured using an IFN-y-capture ELISA (protocol and reagents 
generously provided by L. Babiuk, Veterinary Infectious Diseases Organization, Saskatoon, 
Saskatchewan, Canada). Assays were performed in Immunolon II microtiter piates (Dynatech 
Laboratories, Inc., Chantilly, VA). Reagents consisted of a capture antibody (mouse anti-
rBoIFN- y, IgG fraction, lot TB-4-91), detection antibody (rabbit anti-bovine IFN-y, IgG 
fraction, lot 90-81), rBoIFN-y (lot TB-4-91), biotinylated goat anti-rabbit IgG (Zymed 
Laboratories, Inc., South San Francisco, CA), horseradish peroxidase-conjugated streptavidin-
biotinylated complex (Amersham Corporation, Arlington Heights, IL), and substrate (ABST in 
citrate buffer and H2O2 at 0.1% vol/vol). Internal standards consisting of serially diluted 
rBoIFN-y were prepared in phosphate buffered saline solution with Tween 80 at 0.1% vol/vol 
and gelatin at 0.1% vol/vol (PBST-g). Positive and negative control samples and test samples 
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were also serially diluted in PBST-g. Capture antibody was diluted 1:4000 in carbonate-
coating buffer, and detection antibody was diluted 1:1000 in PBST-g. Biotinylated goat anti-
rabbit Ig was diluted 1:10,000 and horseradish peroxidase-conjugated streptavidin-biotinylated 
complex 1:2000 in PBST without gelatin. Intervening washes were done with PBST without 
gelatin. All incubations were at room temperature with the exception of capture antibody in 
carbonate buffer, which was incubated for 3 days or less at 4°C. Absorbance of standards and 
test samples were read at 405-490 nm using an automated ELISA plate-washer and reader 
(Dynatech MR7000, Dynatech Laboratories Inc., Guernsey Channel Islands, UK). 
Concentrations of IFN-y in test samples were determined by comparison of absorbance of test 
samples with that of standards within a linear curve fit. The IFN-y concentration in culture 
supematants was expressed as ng ml"'. Data were assessed for normality, and the majority of 
the data were transformed (logio) prior to statistical analysis. AH data are presented as 
arithmetic means and ± SEM. Treatment means were analyzed by ANOVA and, where 
statistical (P < 0.05) differences were detected, the Tukey-Kramer multiple-comparison test 
was applied. Differences were judged significant at P < 0.05. 
3. Results 
3.1. Effects of 1,25(0H)zD3and two synthetic analogs of vitamin D on IFM-y secretion by 
PWM-stimulated bovine MNL 
Resting MNL cultures did not produce measurable amounts of IFN-y. The amount of 
IFN-y secreted by LPS-stimulated MNL was consistently less dian 1% of the amount secreted 
by PWM-stimulated MNL. Addition of l,25(OH)2D3 or the analogs to resting and LPS-
stimulated cultures did not affect IFN-y secretion. For this reason, only data indicating the 
effects of die vitamin D compounds in PWM- and OVA-stimulated cultures are presented. 
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Effects of 1,25(0H)2D3, A--26-F3-1,25(0H)2D3, and l,25,28(OH)3D2 0n IFN-y 
secretion in cultures stimulated with PWM at 10 (ig ml"', are shown in Fig. I. (Effects of 
analogs in cultures sdmulated with 5 [ig of PWM ml"' were comparable and are not shown.) 
IFN-y secretion in 24-h control cultures was significantly (P < 0.05) less than in parallel 48-h 
control cultures (1.77 versus 4.52 ng ml"'). 
1,25-Dihydroxyvitaniin D3 and A~-26-F3-l,25(OH)2D3 inhibited IFN-y secretion 
relative to unsupplemented controls at one or more of the metabolite concentrations evaluated. 
Effects were detected in cultures incubated 24- and 48-h and in PWM-stimulated cultures. 
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l,25(OH)2D3 was inhibitory at 1.0 and/or 10, but not at O.I nM, whereas A -26-F3-
l,25(OH)2D3 was inhibitory at all concenurations evaluated. 1,25,28-Trihydroxyvitamin Di at 
0.1, 1.0, or 10 nM did not affect (P > 0.05) PWM-induced IFN-y secretion (Fig. 1). 
Results from Experiment 2, evaluating the effects of ultra-low concentrations (0.0001-
0.01 nM) of l,25(OH)2D3on PWM-induced IFN-y secretion in 48-h cultures of bovine MNL 
indicated that l,25(OH)2D3 at these low concentrations had no effect (P > 0.05) on PWM-
induced EFN-y secretion (data not shown). 
3.2. Effect of 1,25( OWzDj and two synthetic analogs of vitamin D on [FN-y secretion by 
OVA-stimulated bovine MNL 
Effects of vitamin D compounds on antigen-induced IFN-y secretion by MNL firom 
OVA-sensitized cattle were also examined because mitogen- and antigen-induced lymphocyte 
activation differ mechanistically. Secretion of EFN-y by 24- and 48-h OVA-stimulated control 
cultures was detectable, although at lower (P < 0.05) concentrations than in 24- and 48-h 
PWM-stimulated control cultures (Figs. 1 and 2). IFN-y secretion was greater (P < 0.05) in 
48-h than in 24-h OVA-stimulated cultures (Fig. 2). 
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Only data representing the effects of l,25(OH)iD3and synthetic analogs on IFN-y 
secretion by MNL cultures stimulated with 16 fig of OVA ml"' are presented (Fig. 2), since 
comparable effects were seen in parallel cultures stimulated with 32 ng of OVA ml"'. Although 
A"-26-F3-1 ,25(0H)2D3 at 10 nM inhibited IFN-y secretion in 24-h cultures. l,25(OH)2D3and 
l,25,28(OH)3D2had no effect (P > 0.05). In contrast, IFN-y secretion in 48-h cultures was 
inhibited by l,25(OH)2D3 at 1.0 and 10 nM and by each analog at 10 nM. The inhibitory effect 
of 1,25,28(0H)3D2 in 48-h antigen-stimulated cultures (Fig. 2) contrasts with its lack of effect 
in 48-h, mitogen-stimulated cultures (Fig. 1). 
3.3. Effects of time of supplementation with l,25(OH)2D}On IFN-y secretion by PWM-
stimulated bovine MNL 
Effects of preincubating MNL with l,25(OH)2D3 (10 nM) on subsequent IFN-y 
secretion in 48-h PWM-stimulated cultures are represented in Fig. 3. Unstimulated MNL were 
incubated for 1 h in die presence or absence of l,25(OH)2D3, washed to remove free sterol, 
and subsequendy stimulated with PWM (5, 10, or 20 [ig ml"') in the presence or absence of 
sterol. Preincubation with sterol had no effect on the subsequent capacity of unsupplemented 
PWM-stimulated cultures to produce IFN-y when compared with IFN-y secretion in control 
cultures not exposed to I,25(OH)2D3 during the preincubation period. The capacity of 
1,25(0H)2D3 to inhibit IFN-y secretion in PWM-stimulated 48-h cultures was unaffected by 
preincubation of MNL with the sterol for 1 h. 
Effects of time of addition (0,4, 8, 16, and 24 h) of 1,25(0H)2D3 (10 nM) during the 
48-h culture period on PWM-induced IFN-y secretion are shown in Fig. 4. Sterol-induced 
inhibition of IFN-y secretion in stimulated cultures was most pronounced when 1,25(0H)2D3 
was added within the first 4 h of the incubation period. Addition of 1,25(0H)2D3 from 8-24 h 
resulted in a progressive, but modest reduction in the magnitude of inhibition. Delaying 
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addition of l,25(OH)2D3 until 24 h inhibited IFN-y secretion in cultures stimulated witn 5 and 
20 fig of PWM nil''. 
4. Discussion 
Because interferon-y induces an antiviral state, promotes expression of major 
histocompatibility antigens and enhances activation of macrophages and natural killer (NK) 
cells, it is considered to be crucial in the development of normal cell-mediated immune 
responses. In humans and mice, IFN-y production is a function of antigen-activated T-cells 
and NK-cells (Mosman et al., 1986; Salgame et al., 1991; De Prete and Romagnani, 1994). 
Results from the present study are the first to demonstrate that l,25(OH)2D3, essential for 
calcium homeostasis, can inhibit IFN-y secretion in mitogen- and antigen-sdmulated cultures of 
bovine MNL. Significant inhibition was produced by concentrations of hormone equal to 
those seen in the plasma of the dairy cow with severe hypocalcemia during the periparturient 
period (Horst and Reinhardt, 1982). These results suggest that the depression in IFN-y 
production by MNL from dairy cows during the immediate postparmm period reported recently 
by Ishilcawa et al. (1994) may, in part, be related to the elevated plasma concentrations of 
1,25(0H)2D3. Additional research is necessary to determine the contribution of l,25(OH)2D3 
to the depression in MNL function (Kashiwazaki et al., 1985; Kehrli et al., 1989) and 
increased risk of infectious diseases associated with parmrition (Lloyd, 1983; Erb and Crohn, 
L988). 
1,25-Dihydroxyvitamin D3 also inhibits IFN-y secretion by activated human peripheral 
blood T-cells (Reichel et al., 1987; Rigby et al., 1987a; Hustmyer et al., 1992). Rigby et al. 
(1987a) determined that the induction of IFN-y (as well as IL-2) associated with T-cell 
activation is specifically inhibited by l,25(OH)2D3 at the level of mRNA. In the present smdy, 
ultra-low concentrations of l,25(OH)2D3 had no effect on mitogen- or antigen-induced IFN-y 
55 
secretion by bovine MNL. This contrasts with an experiment (Manolagas et al., 1989) 
demonstrating enhanced IFN-y secretion in cultures of 0KT3-stimuiated human peripheral 
blood MNL and in OKT3/rIL-2 stimulated human T-cell clone supplemented with 
1,25(0EI)2D3 at 10"^ to 10"' M. Differences in these results may be due to methods of 
leukocyte activation as well as represent species-specific responsiveness of leukocytes to the 
hormone. 
The relative affinity of vitamin D compounds for the VDR was related to their capacity 
to modulate PWM-induced IgM secretion by bovine MNL (Nonnecke and Horst, 1992). The 
same vitamin D compounds were evaluated in the present study. 1,25-Dihydroxyvitamin D3 
and A~-26-F3-1,25(0H)2D3 with comparable binding affinities in a preparation of bovine 
intestinal VDR [Ki = 447 pM for l,25(OH)2D3 and the Kj = 325 pM for A~-26-F3-
1,25(0H)2D3] inhibited PWM-induced IFN-y secretion in 24- and 48-h cultures, although the 
potency of the synthetic analog was greater. 1,25,28-Trihydroxyvitamin D2, with much lower 
affinity (Ki = 37342 pM) for VDR, had no measurable effect on PWM-induced IFN-y secretion 
in 24- or 48-h cultures. These results suggest that the capacity of vitamin D compounds to 
inhibit mitogen-induced IFN-y is related to their binding affinity for the VDR. IFN-y secretion 
in antigen-stimulated 48-h cultures, however, was inhibited to a similar degree by all three 
compounds suggesting that the capacity of a vitamin D compound to inhibit antigen-induced 
IFN-y secretion is not associated with binding afSnity for the VDR. Reasons for these 
disparate results are not known, however, it is possible that differences in cell populations 
affected by mitogen- and antigen-induced activation may have been factors. Recent research 
(Brown et al., 1994), indicated diat VDR affinity is not necessarily a predictor of the biological 
activity of a vitamin analog. Analogs with low activity in stimulating calcium absorption may 
frequently bind well to receptor isolated from intestine. 
Human and mouse T-cells have been divided into subsets distinguished by patterns of 
cytokine production (Mosman et al., 1986; Del Prete and Romagnani, 1994). Two subsets 
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promoting a balance between cell-mediated and liumoral immunity have been designated Th I 
and Th2. Interferon-y secretion is a principal characteristic of Thl-cells, a T-cell subset 
promoting macrophage activation and production of opsonizing antibodies essential for 
clearance of intracellular organisms. In contrast, Th2-cells provide optimal help for production 
of antibodies through secretion of IL-4, IL-5, IL-6, IL-10, and IL-13. Demonsuration that 
1,25(0H)2D3 inhibits PWM-induced IFN-y secretion in the present study and at the same 
concentration potentiates PWM-induced IgM secretion by bovine MNL (Nonnecke and Horst, 
1992) suggests this hormone lias differential effects on bovine T-cell subsets. Several studies 
(Olobo and Black, 1989; Lutje and Black, 1992; Franklin et al., 1994) have provided evidence 
that PWM-induced proliferation of IgM production by bovine MNL is dependent on monocytes 
and €04"^ T-cells. Based on results from a recent study indicating IR^-y inhibits LPS-induced 
polyclonal IgM secretion by mouse B-cells by reducing the precursor frequency of IgM-
secreting cells (Abed et al., 1994), it is conceivable that the l,25(OH)2D3-induced reduction in 
IFN-y secretion contributed to the previously reported potentiation of polyclonal IgM secretion 
in PWM-stimulated cultures of bovine MNL. The contrasting effects of l,25(OH)2D3 on IFN-
Y and IgM secretion are unique to the bovine system (Normecke and Horst, 1992) [others 
indicate inhibition of IgM production by l,25(OH)2D3 (Lemire et al., 1984; Jordan et al., 
1990)] and suggest that l,25(OH)2D3 may promote differentiation of activated bovine T-cells to 
Th2-like phenotype. 1,25-Dihydroxyvitamin D3 also inhibits IL-2 receptor and MHC class II 
antigen expression in cultures of bovine MNL activated with PWM (Nonnecke et al., 1993) 
which are characteristic of conditions associated with reduced IFN-y secretion. 
Because the biological effects of l,25(OH)2D3 are generally considered to be receptor-
mediated, cells of the immune system must possess receptors for l,25(OH)2D3 in order for 
1,25(0H)2D3 to modulate cell activity. The lack of an apparent effect of preincubation of 
resting MNL with 1,25(0H)2D3 on subsequent PWM-induced lE^-y secretion in the presence 
or absence of 1,25(0H)2D3 suggests VDR expression in resting bovine MNL is very low or 
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nonexistent. This conclusion is supported by Reinhardt and Hustmyer (1987) indicating 
vitamin D-binding in resting bovine MNL (a population consisung of lymphocytes and 
monocytes) is extremely low relative to binding in the intestine, a classic target tissue, and that 
binding increases 10-fold after stimulation of MNL with PWM or concanavaiin A. In human 
peripheral blood MNL, the VDR is expressed constitutively in resting monocytes and is 
detectable in activated lymphocytes (Provvedini et al., 1983). In the present study, addition of 
1,25(0H)2D3 up to 24 h post-stimulation caused significant inhibition of PWM-induced IFN-y 
secretion in 48-h cultures. Sustained influence of the hormone may be due to the progressive 
increase in VDR from negligible levels (less than 10 fmol mg"' of protein) at the beginning of 
the culture period to peak levels (approximately 200 fmol mg'^ of protein) 3-4 days after 
mitogenic stimulation (Reinhardt and Hustmyer, 1987) promoting MNL responsiveness to 
1,25(0H)2D3. Polyclonal IgM secretion by PWM-stimuIated bovine MNL was also 
potentiated when 1,25(0H)2D3 was added to MNL cultures during the initial 24 h of the 
incubation period (Nonnecke and Horst, 1992). 
In summary, l,25(OH)2D3 inhibited mitogen- and antigen-induced IFN-y secretion by 
cultures of bovine MNL, an effect which was dependent on the hormone being present during 
activation of the leukocytes. These results and those indicating I,25(OH)2D-5 also potentiates 
polyclonal IgM production by bovine MNL (Nonnecke and Horst, 1992) suggest that this 
hormone may selectively promote differentiation of bovine T-cell subsets toward a Th2-like 
phenotype. Plasma elevations in l,25(OH)2D3 during the periparturient period or as a result of 
therapeutic intervention could conceivably affect immune function in the dairy cow. 
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Fig. I. Interferon-y production in 24-ti (panel a) and48-h (panel b) cultures of bovine 
mononuclear leukocytes supplemented with l,25(OH)2D3 and two synthetic vitamin D 
analogues at 0, 0.1, 1.0, or 10.0 nM. AU culmres were stimulated with PWM at 10 |ig ml*'. 
Asterisk indicate when mean (+ SEM, n = 8) EFN-y concentration in superaatants from sterol 
supplemented cultures differed from mean (± SEM n = 8) concentration in supematants from 
unsupplemented, control cultures (* P < 0.05, ** P < 0.01, *** P < O.OOl). 
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Fig. 2. Interferon-y production in 24-h (panel a) and 48-h (panel b) cultures of bovine 
mononuclear leukocytes supplemented with l,25(OH)2D3 and two synthetic vitamin D analogs 
at 0, 0.1, 1.0, or 10.() nM. All cultures were stimulated with OVA at 16 p.g ml*'. Asterisk 
indicate when mean (+ SEM, n = 8) IFN-y concentration in supematants from sterol-
supplemented cultures differed from mean ( + SEM, n = 8) concentration in supematants from 
unsupplemented, control cultures (* P < 0.05, ** P <0.01, *** P < 0.001). 
64 
r. 14-
10 
Preincubation/Primarv Incubation 
• NoVitD/NoVitD • NoVitD/VitD 
a VitD/NoVitD • VitD/VitD 
Sf!** 
T 
PWM, {Xg/mL 
Fig. 3. Effects of preincubation of bovine mononuclear leukocytes for 1 h with l,25(OH)2D3 
(10 nM) on their subsequent capacity to secrete IFN-y in 48-h unsuppiemented and 
1,25(0H)2D3- (10 nM) supplemented cultures. Free sterol was removed from suspensions 
between preincubation and primary incubation steps by centrifiigation. Primary 48-h cultures 
were stimulated with pokeweed mitogen (PWM) at 5,10, or 20 jxg ml"'. For a specific 
concentration of PWM, asterisks indicate significant differences between mean (± SEM, n = 8) 
IFN-y concentration ui supematants fixjm li25(OH)2D3-supplemented cultures and parallel 
cultures not exposed to sterol in preincubation period or primary incubation period (* P < 0.05, 
** P < 0.01, ***P< 0.001). 
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Fig. 4. Comparison of IFN-y secretion in 48-h pokeweed mitogen (PWM)-stimulated cultures 
of bovine mononuclear leukocytes (MNL) supplemented with l,25(OH)2D3 (10 nM) atO, 4, 8, 
16, or 24 h into the incubation period with secretion in parallel unsupplemented control 
cultures. Cultures were stimulated with PWM at 5, 10, or 20 (ig ml". For a specific 
concentration of PWM, asterisks indicate differences between mean (± SEM, n = 8) EFN-y 
concentration in 1 J25(OH)2D3-suppIemented cultures and the concentration of IFN-y in pa^el 
unsupplemented control cultures (* P <0.05, ** P <0.01, *** P <0.001). 
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CHAPTER 3. EVDIVIDUAL AND COMBINED EFFECTS OF 
RETINOIC ACID ISOMERS AND 1,25-DIHYDROXYVITAMIN 
03 ON IFN-y SECRETION BY MONONUCLEAR 
LEUKOCYTES FROM NULLIPAROUS AND 
POSTPARTURDENT COWS 
A paper to be submitted to the International Journal for Vitamin and Nutrition Research. 
Burim N. Ametaj,' Brian J. Nonnecke," Ronald L. Horst" and Donald C. Beitz,^ 
Abstract 
Four in vitro experiments evaluated individual and combined effects of retinoic acid 
(RA) isomers and the combination of 1,25-dihydroxyvitamin D3 [l,25(OH)2D3] with 9-cis- or 
9,13-dicis-RAon interferon-y (IFN-y) secretion by mononuclear leukocytes (MNL) from 
nulliparous and postparturient Holstein dairy cows. In the first three experiments, MNL-
enriched leukocyte populations from four to six nulliparous heifers were stimulated with 
pokeweed mitogen (PWM, 10 |ig/ml). These cultures evaluated effects of incubation period 
(24,48 a id 72h), time of supplementation (0, 8, 16, 24, and 32h), as well as individual and 
combined effects of RA isomers (all-trans-, 9-cis-, 13-cis-, and 9,13-dicis-RAs) on IFN-y 
secretion. In the fourth experiment, five cows were bled at the time of calving and at 2,4, and 
16 d postpartum. The MNL recovered firom these samples were stimulated with PWM (10 
^ig/mi) in the absence of presence of l,25-(OH)2D3, retinoic acids (9-cis- and 9,13-dicis-RA), 
and combinations of both hormones. Interferon-y secretion was quantified by ELIS A. 
Individually the isomers of RA had no effect on IFN-y secretion by PWM-stimulated MNL 
'Graduate student, Nutridonal Physiology Group, Department of Animal Science. Iowa State University. Ames. 
lA. 
"United States Department of Agriculmre, Agricultiu^ Research Service. National Animal Disease Center. 
Ames. lA. 
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from nuUiparous or postparturient cows; however, all-trans-RA in the presence of 9-cis-, 13-
ciS", or 9, l3-<iicis-RA and 9-cis-ElA in the presence of I3-cis- or 9,13-dicis-ElA. 
inhibited IFN-y secretion. Although l,25-(OH)2D3 inhibited IFN-7secretion by MNL from 
nulliparous and postparturient dairy cows, the degree of inhibition was even greater when 9-
cis-RA was added to I,25-(OH)2D3 supplemented cultures. Overall, these results indicate that 
RA isomers in combination with each other or with l,25-(OH)2D3 inhibit IFN-y secretion by 
bovine leuicocytes and suggest that supplementation of dairy cows with high amounts of 
vitamins A and D may modulate the functional capacity of the immune system. 
Key words 
interferon-y, retinoic acid, 1,25-dihydroxyvitamin D3, postpanurient cow, nulliparous 
heifer 
Introduction 
The periparturient period in dairy cows is characterized by a high rate of infectious 
diseases such as mastitis or puerperal infections. Recent research in perinatal cows indicates 
depression of interferon-y (IFN-y) secretion by mononuclear leukocytes (MNL) [19, 33], as 
well as suppression of IgM production and proliferation of lymphocytes to T-cell mitogens 
[20,21,33]. BCimura and colleagues [22] reported a decline of €04"^, CDS"^ and y6 T cells at 
parturition until 2 wk postparmm. Kehrli and colleagues [21] also showed alterations in 
bovine neutrophil functions during the periparturient period, whereas Cai and colleagues [8] 
demonstrated an association between neutrophil ftinctions and periparturient disorders in cows. 
These observadons suggest that there is a naturally occurring, generalized suppression of 
immune function in periparturient dairy cows. Factors that contribute to this condition are 
poorly defined. 
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The nutritional and endocrinological status of periparturient cows may influence the 
functional capacity of the immune system. Dairy cows commonly are supplemented with 
several-fold greater than the NRC requirments of vitamins A and D before and after parmrition 
to assure optimal health, reproductive performance and milk production [12, 14.42]. Recent 
research with dairy cattle indicates that l,25(OH)2D3 inhibits interferon-y (IFN-y) [4] and 
interleukin(IL)-2 production [30], and suppresses proliferation of €04"^ T cells and expression 
of MHC class H antigen [30, 18]. 1,25-dihydroxyvitamin D3 also enhances CDS'" T cell 
proliferation as well as IgM, IgG and IgA concentrations in milk and IgG and IgGl 
concentrations in serum of vaccinated dairy cows [28,30,35]. 
Results from recent studies indicate that ElAs, the biologically active metabolites of 
vitamin A, suppress in vitro proliferation of bovine CD4'^ T cells, expression of IL-2 receptors 
and MHC class II antigens [31]. The various biological effects of RAs are mediated by RA 
receptors (RARs) and reunoid X receptors (RXRs), which are members of the nuclear receptor 
superfamily. RARs bind and are activated by all-trans-RA and 9-cis-RA. whereas RXRs bind 
and are activated by 9-cis-RA [2,3,13,25]. Various members of the two retinoid receptor 
families bind as either RXR-RAR heterodimers or RAR or RXR homodimers to cognate 
response elements in vitro [7. 23.43.44]. Cellular responses to 1.25-(OH")2Dj are mediated 
by the vitamin D receptor (VDR). Efficient binding of VDR to DNA requires RXR to form a 
heterodimer [23, 24, 26, 38,43]. 
Taken together these reports have begim to define the individual effects of the 
biologically active metabolites of vitamins A and D on the bovine immune system. There are 
concerns that supplementing periparturient dairy cows with greater than the NRC requirements 
of vitamins A and D may further aggravate the already compromised immune system and with 
deleterious consequences to infectious disease resistance. 
The objective of this in vitro smdy was to evaluate individual and combined effects of 
different concentrations of RAs, time of supplementation as well as combinations of 
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1,25(0H)2D3 (O.Ol to 100 nM) with 9-cis- or 9,l3-<licis RA (0,01 to 100 nM) on the capacity 
of PWM-stimulated MNL from nulliparous and postparturient Holstein cows to secrete IR^I-y. 
Materials and Methods 
Cattle and MNL isolation 
Nulliparous and postparturient Holstein cattle were used as cell donors in this study. 
Cattle were housed at the United States Department of Agriculture, Agriculture Research 
Service, National Animal Disease Center. Postparturient cows were fed com silage, com 
gluten feed, cracked com, distillers grain, soybean meal and grass hay, whereas heifers were 
fed a pelleted diet containing ground com cobs, wheat middlings, and com. These diets were 
sufficient to maintain daily energy and protein requirements. Water was provided ad libitum. 
The animals were clinically normal throughout the experimental period. Plasma l,25(OH)2D3, 
all-trans-, 9-cis-, 13-cis- and 9,13-dicis-RAs were within the normal ranges of concentration 
for pregnant and nonpregnant dairy cattle (Table 1). Animal-related procedures were approved 
by the United States Department of Agriculture, Agriculture Research Service, National Animal 
Disease Center's Animal Care and Use Committee. 
Blood (200 mL) from recendy-calved cows was collected at parmrition and at 2,4 and 
16 d after parturition and once during each trial from six nulliparous, nonpregnant Holstein 
heifers. The MNL were isolated and enriched from peripheral blood of cattle by using a 
procedure reported previously [281- Recovered cell populations were 95% MNL when stained 
with Wright-Giemsa stain and viewed by light microscopy. The MNL were resuspended in 
RPMI-1640 medium (Gibco, Grand Island, NY). 
Vitamin D and retinoic acid compounds: l,25(OH)2D3 was a generous gift from 
Hoffmann-LaRoche, Nutley, NJ, whereas all-trans-, 9-cis-, and 13-cis-RAs were from Sigma 
(St. Louis, MO). 9,13-dicis-Retinoic acid was prepared by oxidation of 9-cis-retinal with 
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Tollens reagent as described previously [15] and Nvas provided by R. Horst (NADC, Ames, 
lA). 1,25-Dihydroxyvitamin Dj and all-trans-, 9-cis-, 13-cis- and 9,13-dicis-RAs were 
dissolved in 100% HPLC-grade ethanol at 82 ng/|il and stored at -2°C until needed. Retinoic 
acids were protected from light to minimize degradation. On the day of an experiment, vitamin 
D and RA compounds were diluted in a solution of fetal bovine serum (FBS) (Hyclone Labs, 
Logan, UT) and RPMI-1640 to provide concentrations ranging from 0.001 to lOO nM. The 
concentration of ethanol in culnire was consistently less than 0.01% (vol/vol). Ethanol at this 
concentration does not affect the functional capacity of bovine leukocytes [28]. 
Mononuclear leukocyte cultures'. Effects of RAs or combinations of RAs with 
1,25(0H)2D3 on IFN-y secretion by cultured MNL were evaluated in four different 
experiments. In all experiments, 200 fil cultures were established in tissue culture plates (96-
well, Costar, Cambridge, MA) and seeded with 1x10^ cells (culture density of 5.0 x 10^ /ml). 
Cultures were either unstimulated (no mitogen) or stimulated with PWM (10 |ig/ml, Sigma, St 
Louis, MO). All cultures contained 5% raS (vol/vol) and were incubated for 48 h at 39°C in a 
humidified atmosphere containing 5% C02. Culture supematants were then harvested from 
centrifiiged plates (400 x g, 5 min, 22°C) and stored at -80°C until IFN-y analysis. 
Descriptions of individual experiments follow. 
Experiment 1. Effects of length of incubation period (24-, 48- and 72-h) and of 
concentrations of all-trans-, 9-cis-, 13-cis- and9,13-dicis-RA on IFN-y secretion in resting and 
mitogen-stimulated MNL cultures were evaluated. By using MNL from six donor nulMparous. 
5-year-old heifers, duplicate cultures of each animal's MNL were prepared, which were 
unstimulated or stimulated with PWM (10 jig/mi). Cultures were supplemented at the inidation 
of the 24-, 48- and 72-h incubation period with each RA at 0.001, 0.01, O.I, 1,10, or 100 
nM. Unsupplemented control cultures received an equivalent volume of ethanol and RPMI-
1640 medium. Supematants were harvested and saved for later analysis. Effects of each of 
the compounds on MNL from each animal were evaluated on the same day. 
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Experiment 2. Effects of time of supplementation of all-trans-, 9-cis-, 13-cis-, and 
9,13-dicis-RA on IFN-y secretion by PWM-stimulated MNL cultures were evaluated. 
Leukocyte cultures consisting of MNL firom six nulliparous heifers were stimulated with PWM 
(10 |ig/ml) and received no RA during a 72-h incubation period (control) or were supplemented 
with all-trans-, 9-cis-, l3-cis-, or 9,13-dicis-RAs (100 nM) at either 0, 8, 16, 24, or 32 h into 
the incubation period. Unsupplemented control cultures received an equivalent volume of 
RPMI-1640 medium with 5% FBS (vol/vol). 
Experiment 3. Effects of different combinations and concentrations of RA isomers 
(all-trans- plus 9-cis-EtA; all-trans- plus 13-cis-ItA: all-u-ans- plus 9,13-dicis-RA; or 9-cis- plus 
13-cis-RA; and 9-cis- plus 9,13-dicis-RA) on in vitro IFN-y secretion were evaluated. 
Leukocyte cultures consisting of MNL from four nulliparous cows were stimulated with PWM 
(10 |J.g/ml). Cultures were unsupplemented (no RA, controls) or were supplemented with all-
trans-, 9-cis-, 13-cis-, and 9,13-dicis-RA (0.001 to 100 oM) at initiation of 48-h incubation 
period. Control cultures received an equivalent volume of ElPMI-1640 medium with 5% FBS 
(vol/vol). 
Experiment 4. Effects of l,25(OH)2D3 (0.01,0.1, 1. 10 and 100 nM) and 9-cis- or 
9.13-dicis-RA fO.OL 0.1. I. 10 and 100 nM) on IFN-y secretion in resting and mitogen-
stimulated cultures were evaluated. Leukocyte cultures consisting of MNL firom five 
postparturient cows and six nulliparous heifers were unstimulated or stimulated with PWM (20 
ug/ml). Cultures were supplemented at the initiation of the 48-h incubation period with 
combinations of l,25(OH)2D3 and 9-cis- or 9,13-dicis-RA at 0.01, 0.1, 1, 10 and 100 nM. 
Control cultures were supplemented only with l,25(OH)2D3 and 9-cis- or 9,13-dicis-RA at the 
same concentrations. Unsupplemented control cultures received an equivalent volume of 
ethanol and RPMI-1640 medium with 5% FBS (vol/vol). Culture supematants were then 
harvested from centrifiiged plates (400 x g, 5 min, 22°Q and stored at -80°C until EFN-y 
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analysis. Effects of combinations of i,25(OH)2D3 and RAs on MNL from five donor 
postparturient cattle were evaluated on separate days. 
Assay of IFN-y production 
Interferon-yin culture superaatants was quantified by using an IFN-y capture ELISA as 
described previously [4]. Assays were performed in Iinmunoion n microtiter plates (Dynatech 
Laboratories, Inc., Chantilly, VA). Absorbance of standards and test samples was read at 405-
490 nm by using an automated ELISA plate-washer and reader (Dynatech MR7000, Dynatech 
Laboratories Inc., Guernsey Channel Islands, UK). Concentrations of EFN-y in test samples 
were determined by comparison of absorbance of test samples with that of standards within 
linear curve fit. The EFN-y concentrations in culture supemantants was expressed as ng/ml. 
Statistical Analysis 
Data were assessed for normality, and the majority of the data were transformed (logio) 
prior to statistical analysis. All data are presented as arithmetic means ± SEM. Treatment 
means were analyzed by ANOVA (SAS/STAT Version 6, SAS Instimte Inc., Cary, NC) and, 
where statistical differences were detected, the Tukey-Kramer multiple-comparison test was 
applied. Differences were judged significant at P < 0.05. 
Results 
Experiments I and 2. Because incubation in vitro of RA isomers (aU-trans-, 9-cis-, 
l3-cis- and 9,13-dicis-RA) for 24,48 or 72 h with MNL at concentration 0.001 to 100 nM had 
no significant (P > 0.05) effect on IFN-y secretion (at each time of incubation) only partial data 
are presented in Figure 1 for all-trans- and 9-cis-RA and for in vitro concentrations of 0,0.001 
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and 100 nM. Time of supplementation ( 0, 8, 16, 24 or 32 h into 72-h incubation period) 
of individual (all-trans-, 9-cis-. 13-cis- and 9,i3-dicis-RAs) to resting and PWM-
stimuiated cultures also did not affect IFN-y secretion (data are not presented). 
Experiment 3. Interferon-y was undetectable in supematants from unstimulated 
cultures. Supplementation of PWM-stimulated MNL cultures with only all-trans-RA had no 
effect on IFN-y secretion (Fig. 2a,b,c). Supplementation of cultures stimulated by PWM with 
combinations of all-trans-RA and 9-cis-, 13-cis- or 9,13-dicis-RA (Fig, 2a,b,c) was associated 
with suppression of IFN-y secretion compared with cultures supplemented with all-trans-RA 
alone. 
PWM-stimulated culmres supplemented only with 9-cis-RA had no effect on IFN-y 
secretion (Fig. 3a,b,c). Supplementation of cultures stimulated by PWM with combinations of 
9-cis-RA and all-trans-, 13-cis, or 9,13-dicis-RA was associated with suppression of IFN-y 
secretion compared with cultures supplemented with 9-cis-RA alone. In MNL cultures 
supplemented with 9-cis- and 9, l3-dicis-RA concentrations of 9-cis-RA at 100 nM did not 
suppress IFN-y secretion (Fig. 3c). 
Experiment 4. Interferon-y production by 48-h cultures of PWM-stimulated bovine 
MNL was very low at parturition (1.62 ng/ml), decreased further 2 d postpartum (1.15 ng/ml) 
and then increased 3-foId (4.87 ng/ml) at 16 d after parturition (Fig. 4). Compared with 
control nulliparous heifers IFN-y secretion by mitogen-induced MNL (13.08 ng/ml) was 8-fold 
lower in cows at parturition and still remained lower (2.7 fold) 16 d postpartum. 
Addition of 9-cis- or 9,13-dicis-RA alone to resting or PWM-stimulated cultures did 
not affect IFN-y secretion (data not shown). For this reason, only data indicating combinations 
of 1,25(0H)2D3 with 9-cis- and 9,13-dicis-RA and compared with l,25(OH)2D3 oniy 
presented (Figs. 5 and 6). Because there were no differences in the percentage of inhibition of 
IFN-y secredon by l,25(OH)2D3- and RA-supplemented cultures by MNL on different days 
after parturition, results are presented as pooled data from days 0,2,4 and 16 postpartum. 
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1,25-DihycIroxyvitainin D3 inhibited (P <0.01) IFN-y secretion by 48-h cultures of 
PWM-stimuIated MNL in both control and postparturient cows when supplemented at more 
than 1 nM (Fig. 5a,b). Interferon-y secretion by MNL from control and postparturient cows 
supplemented with 100 nM of l,25(OH)2D3 was 46% and 38%, respectively, lower than IFN-
y produced by unsupplemented cultures. 
Incubation of PWM-stimuIated MNL from postparturient cows for 48 h with 
1,25(0H)2D3 (0.01 to 1 nfvl) and 9-cis RA (0.1 to 100 nM) resulted in inhibition of IFN-y 
secretion. When concentration of l,25(OH)2D3 was increased to 10 and 100 nM, the inhibition 
of IFN-y secretion by 9-cis-RA was abrogated (Fig. 5a,b) compared to that of cultures 
supplemented with l,25(OH)2D3 alone. Combination of l,25(OH)2D3 (0.01 to 100 nM) with 
9-cis-RA (0.01,0.1, and 1.0 nM) also inhibited IFN-y secretion by MNL from control cows 
compared to that in cultures supplemented only with l,25(OH)2D3 (Fig. 5b). When the 
concentration of l,25(OH)2D3 was increased to 10 and 100 nM, the inhibition of IFN-y 
secretion was abrogated (Fig. 5a,b). 
Supplementation of bovine MNL cultures from control cows with l,25(OEf)2D3 and 
9,13-dicis RA had no effect on IFN-y production compared with that of MNL culoires 
supplemented only with I,25(OH)2D3 (Fig. 6a). Addition of i,25(OH)2D3 and 9,13-dicis RA 
in MNL cultures from postparturient cows inhibited IFN-y production when l,25(OH)2D3 (at 
0.01 to 1 nM) was combined with 9,I3-dicis-RA (1 and 10 nM) compared with that of cultures 
supplemented only with l,25(OH)2D3 (Fig. 6b). When concentrations of L25(OH)2D3 were 
increased to 10 and 100 nM, the inhibition of IFN-y production was abrogated (Fig. 6b). 
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Discussion 
In this study, effects of individual RAs (all-trans-, 9-ci3-, 13-cis- and 9,13-dicis-RA) 
and their combinations in vitro as well as combinations of l,25(OH)2D3 with 9-cis- and 9,13-
dicis-RA on IFN-y secretion by MNL from nulliparous heifers and postparturient cows were 
investigated. The results demonstrate that RAs (all-trans-, 9-cis-, 13-cis and 9,13-dicis-ElA) 
supplemented individually at a broad range of concentrations (0.001 to 100 nM) had no effect 
on IFN-y secretion by bovine MNL. Data from this study confirm previous findings in dairy 
cattle and neonatal calves that 9,13-dicis-RA has no effect on IFN-y production by MNL [32, 
34]. 9,13-dicis-RA was reported as the major circulating isomer of RA in the plasma of 
periparmrient cows [15] and neonatal calves [16]. Results of this study are in contrast to 
reports in humans and mice that indicate inhibidon of IFN-y production by all-trans-, 9-cis- and 
13-cis-RA [1,5, 9]. The reason for this discrepancy is not yet understood, and further 
research is required to clarify the mechanism of action of RA on bovine MNL. 
Retinoic acid isomers (all-trans-, 9-cis-, 13-cis and 9,13-dicis-RA at 0.001 to 100 nM) 
incubated individually in vitro for 24,48 or 72 with MNL &om nulliparous heifers had no 
effect on IFN-y secredon at each time of incubation. Time of supplementation (0, 8, 16. 24 or 
32 h in a 48-h incubation period) of individual RA isomers (all-trans-, 9-cis-, 13-cis and 9,13-
dicis-RA) also had no effect on IFN-y production by bovine MNL. These results indicate 
again that, on their own RAs did not affect IFN-y production in dairy cattie. 
The experiments reported here provide the first evidence that in vitro combinations of 
aE-trans-RA with 9-cis-, 13-cis- and 9.13-dicis-RA as well as of 9-cis-RA with 13-cis- and 
9,13-dicis-RA inhibited IFN-y secretion by bovine MNL. The reason why combinations of 
two RA cause greater suppression of IFN-y secretion by bovine MNL than individual isomers 
is not yet clear. Conceivably all-trans-RA with 9-cis-RA induce heterodimerization of their 
receptors (RXR-RAR) that may be more efficient in down-regulating IFN-y secretion than their 
76 
respective homodimers. In suppon of this hypothesis are results reported by Roy and 
colleagues [36] who indicated that low concentrations of individual retinoids selective for 
ElARa, RARp, RARyor RXR did not induce or very inefficiently induced the expression of 
several target genes or triggered differentiation on P19 EC and F9 human cells. In contrast, at 
the same concentrations, various combinations of RARs and RXR selective retinoids resulted 
in synergistic induction of all target genes as well as in cell differentiation. In the case when 
all-trans- and 9-cis-RA were mixed with 13-cis- and 9,13-dicis-RA, ligands with low affinity 
for RAR and RXR [15], and still had suppressive effects on IFN-y secretion, we anticipate that 
conversion of 13-cis- and 9,13-dicis-RA into acdve metabolites of vitamin A (all-trans- and 9-
cis-RA) occurs and subsequent heterodimer formation as indicated by Franklin, Sass, Tzimas, 
Shirley and their colleagues [11, 37,39,41], 
Interestingly, 9-cis-RA concentration at 100 nM, in the combination of 9-cis- with 
9,13-dicis-RA (Fig. 3c), abrogated suppression of IFN-y suggesting that high concentrations 
of 9-cis-RA may induce RXR homodimer formation, which is probably less efficient in down-
reguladon of IFN-y secretion. 
The present study also shows that MNL from postparmrient cows secrete several fold 
lower IFN-y than do MNL from nulliparous heifers (Fig. 4). These data are in agreement with 
previous reports by Ishikawa and colleagues [19] and Nonnecke and colleagues [33] indicating 
depressed EFN-y secretion by bovine peripheral MNL from cows 3 wk before to 2 wk after 
parturition. 
Results from this study show for the first time that in vitro combmadons of 
I,25(0H)2D3 with 9-cis-RA synergisdcally inhibided IFN-y secredon by MNL from 
nulliparous heifers and postparturient cows. The biological effects of I,25(OH)2D3 are 
mediated principally by VDR, but the hormone-receptor complex acts by binding to DNA 
mosdy as a heterodimer with RXR. These results confirm our previous observadon diat 
1,25(0H)2D3 suppresses IFN-y secretion by bovine MNL [4]. The mechanism by which 9-
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cis-RA enhances the inhibitory effects of i,25(OH)2D3 remains to be clarified. For example, 
9-cis-RA may enhance Lhe transactivation capacity of VDR by enhancing the receptor 
heterodimerization of RXR-VDR by binding to RXR. Increasing concentrations of 
1,25(0H)2D3 to 10 and 100 nM in combination with 9-cis-RA (0.1 to 100 nM) abrogated the 
synergistic inhibitory effects, suggesting these concentrations induce VDR homodimer 
formation probably not efficient in down-regulating IFN-y secretion. 
Results show that 9,13-dicis-RA was not effective in enhancing the inhibitory effect of 
1,25(0H)2D3 on IFN-y secretion (Fig. 5ab). Horst and colleagues [15] reported that 9,13-
dicis-RA has 71- and 20-fold less affinity, respectively, than does 9-cis-RA for RXRa and 
RXRp. In addition, treatment of stimulated bovine MNL cultures with 9,13-dicis-RA resulted 
in very low intracellular concentrations of this isomer compared with 9-cis-RA (Nonnecke and 
colleagues, unpublished data). Possible conversion of 9,13-dicis-RA into 9-cis-RA [16] may 
explain the limited inhibitory effects observed in MNL cultures from postparturient cows 
supplemented with l,25(OH)2D3 and 9,13-dicis-RA. In cows after calving the concentration 
of 9,13-dicis-RA in the plasma is increased several fold [15], but its physiological significance 
is not yet clear. 
Results reported here are in agreement with several other reports indicating an 
interaction between RA and l,25(OH)2D3 pathways in the regulation of different cell fiinctions. 
For example, Nakajima and colleagues [27] reported a synergistic interaction of 9-cis-RA and 
l,25(OH)2D3 in the differentiation of U937 cells into macrophage-like cells and inhibition of 
cell proliferation compared with 9-cis-RA, which induced those cells toward granulocyte-like 
cells. Taimi and colleagues [40] found synergistic effects of RA and I,25(OH)2D3 on the 
differentiation of the human monocytic cell line U937, whereas Brown and colleagues [6] 
showed that HL-60 cells failed to differentiate in response to all-trans-RA, but all-trans-RA 
acted synergisticaily with l,25(OH)2D3 in promoting the differentiation of HL-60 cells to 
monocytes. 
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Taken together, these results indicate that in vitro combinations of RA isomers and of 
i,25(OH)2D3 with 9-cis-RA suppress IFN-y secretion by MNL from nulliparous heifers and 
postparturient cows. Given the crucial role of IFN-y as an immunoregulatory cytclcine in 
nearly all phases of immune and inflammatory responses and suppression of its production by 
active metabolites of vitamin A and D, further investigations are required to study the impact of 
feeding high amounts of these vitamins on postpartal infectious diseases. These results and 
those from previous studies [28, 30] indicating RA isomers and l,25(OH)2D3 enhance 
secretion of IgM by bovine MNL suggest that RA and l,25(OH)2D3 affects functions of bovine 
MNL that control both cell-mediated and humoral immune responses. These observations also 
may be important therapeutically, as RAs and l,25(OH)2D3 could be used in dairy cattle to 
suppress or augment immune responses in diseases that require a Thl- or Th-2 type response 
for recovery. 
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Table I. Concentrations of retinoic acid isomers and I,^5-dihydroxy vitamin Djin plasma of 
nulliparous heifers and postparturient cows. 
Cows, d after parturition' 
Blood variables Heifers' 0 2 4 16 
all-trans-RA' (ng/ml) 1.2 ±0.39 1.04 ±0.23"' 0.93 ± 0.07"' 0.38 ± 0.06' 1.79 + 0.26" 
9-cis-RA (ng/mi) 0.17 + 0.06 0.51 ±0.26' 0.00 ± O.O' 0.08 + 0.03' 0.54 ± 0.15' 
l3-cis-RA (ng/ml) 0.00 ± 0.0 0.23+0.13' 0.36 ±0.10'' 0.22 ±0.04' 0.55 ±0.31' 
9,13-dicis-ElA (ng/ml) 0.58 ± 0.28 1.55 ±0.48' 2.18 ±0.25''° 3.58 ±0.50" 2.95 ±0.14'" 
1.25(0H)3D3 (pg/ml) 12.47+ 1.5 36.83 ± 11.l' 118.3± 11.7" 60.37 ± 8.96' 20.97 ± 2.26' 
' Five postparturient Hoistein cows were bled at the day of calving and 2,4 and 16 d after 
calving and plasma was collected for blood analyses. 
" Six nulliparous Hoistein heifers were bled once and plasma was collected for blood analyses. 
^ all-trans-, 9-cis-, 13-cis- and 9,13-dicis-RA were quantified by HPLC andl,25(OH)2D3 was 
measured by scintillation counter. Values represent means ± SEM. Values (for cows) with 
different letters within the same row are different, P < 0.05. 
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Figi^ 1. Mean (+ SEM) secretion of interferon-Y (IFN-Y) by mononuclear leukocytes from 
nuUiparous heifers (a = 6) that were stimulated by pokeweed mitogen (10 |ig/ml) and incubated 
for 24, 48 or 72 h with all trans-RA (panel a) and 9-cis-RA (panel b) at 0, 0.001 and 100 nM. 
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Figure 2. Interferon-Y (IFN-y) secretion by pokeweed niitogen (10 |xg/ml)-stiniulated 
mononuclear leukocytes (MNL) from nuUiparous heifers. 'Ae MNL were incubated for 48 h 
with all-trans-retinoic acid (RA) and 9-cis- (panel a), 13-cis- (panel b) or 9,13-dicis-RA (panel 
c) at 0 to 1(X) nM. Values are means ± SEM (n = 4). Asterisks indicate mean IFN-y 
concentrations at each all-trans-RA concentration that differ at * P < 0.05, ** P < 0.01 and *** 
P < 0.001. 
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Figure 3. Interferoa-Y(IFN-Y) secretion by pokeweed mitogen (10 |ig/ml)-stimulated 
mononuclear leukocytes (MKL) from nuiliparous heifers. The MNL were incubated for 48 h 
with 9-cis-retinoic acid (RA) and all-trans- (panel a), 13-cis- (panel b) or 9,13-dicis-RA (panel 
c) at 0 to 100 nM. Values are means ± SEM (n = 4). Asterisks indicate mean IFN-y at each 
9-cis-RA concentration that differ at * P < 0.05, ** p < 0.01 and *** P < 0.001. 
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Figure 4. Interferon-y (IFN-y) secretioa by 48-li cultures of pokeweed mitogen (20 (ig/tnl)-
stimulated mononuclear leukocytes from postparturient Holstein cows at the day of parturidon 
and at 2,4 and 16 d after parturidon. Values are means ± SEM (n = 5). 
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Figure 5. Interferon-y (IFN-y) secretion by 48-h. cultures of pokeweed mitogen (20 |ig/ml)-
stimulated mononuclear leukocytes (MNL) from postparturient cows (panel a) and nuUiparous 
heifers (panel b). Cultures were supplemented with l,25(OH)2D3 and 9-cis-retinoic acid (RA) 
(0 to 100 nM). Values are means ± SEM (n = 20). Asterisks indicate mean IFN-y 
concentrations in supplemented cultures differed from concentrations in unsupplemented (no 9-
cis-RA) ciiltures (* P < 0.05, ** p < 0.0U*** P < 0.001). 
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Figure 6. Interferoa-Y (EFN-y) secretioa by 48-h cultures of pokeweed mitogen (20 fig/ml)-
stimulated mononuclear leukocytes (MNL) from postparturient cows (panel a) and nuUiparous 
heifers (panel b). Cultures were supplemented with l,25(OH)2D3 and 9.13-dicis-retinoic acid 
(RA) (0 to 1(X) nM). Values are means + SEM (n = 20). Asterisks indicate mean IFN-y 
concentrations in supplemented cultures differed from concentrations in unsupplemented (no 9-
cis-RA) cultures (* P < 0.05, ** P < 0.01,*** P < 0.001). 
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CHAPTER 4. DIETARY VITAMIN A MODULATES THE 
UPTAKE OF RRR-a-TOCOPHEROL BY PLASMA 
LIPOPROTEINS IN CALVES FED MILK REPLACER 
A paper submitted to the Joumai of Nutrition 
Burim N. Ametaj,' Brian J, Nonnecke," Sharon T. Franklin,^ Ronald L. Horst," Wayne R. 
Bidlack/ Robert L. Stuart,' and Donald C. Beitz^ 
Abstract 
The practice of supplementing milk replacers fed to neonatal calves with high 
concentrations of vitamin A has raised concerns regarding the effect of excess vitamin A on the 
bioavailability of vitamin E. A 4 x 2 factorial experiment evaluated the effects of four dietary 
amounts of vitamin A [0, 1.78 (NRC requirement, control), 35.6 and 71.2 [imol daily as 
retinyl acetate] and two forms of vitamin E (RRR-a-tocopherol and RRR-a-tocopheryl acetate, 
155 |imol daily) on plasma RRR-a-tocopherol and RRR-y-tocopherol and RRR-a-tocopherol 
associated with plasma lipoproteins from milk replacer-fed Holstein calves from birth to 4 wk 
of age. The VLDL, LDL, HDL and VHDL fractions were separated by ultracentrifugal 
flotation, and the amount of vitamin E associated with each fraction was determined. The 
amount and distribution of RRR-a-tocopherol in lipoprotein fractions were unaffected by the 
form of dietary vitamin E. Plasma and lipoprotein RRR-a-tocopherol concentrations increased 
with age and were maximal at 4 wk of age. Concentrations of RRR-a-tocopherol 
'Graduate student. Nutritional Physiology Group, Department of Animal Science. Iowa State University. Ames. 
"United States Departmen: of Agriculture, Agriculture Research Service. National Animal Disease Center. 
Ames, lA. 
"'Department of Dairy Science. South Dakota State University, Brookings, SD. 
•^Department of Human Food Nutrition. California State University. College of Agriculture. Pomona. CA. 
^Stuart Products Inc., Bedford, TX. 
'TDepartment of Animal Science. Iowa State University. Ames, lA. 
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associated with lipoproteins were 25 to 39% lower in calves fed 35.6 and 71.2 |jjnol of vitamin 
A daily than in control calves at 4 wk of age. RRR-y-Tocopheroi concentrations were 
unaffected by dietary vitamin A. In conclusion, dietary vitamin A modulated the amount and 
distribution of RRR-a-tocopherol in the blood of milk replacer-fed neonatal calves. Because 
of the essential antioxidant role of vitamin E, the health-related consequences associated with 
the depression of the lipoprotein RRR-a-tocopherol concentrations in calves fed vitamin A at 
35.6 and 71.2 [imol need to be investigated. 
Key words 
calves, vitamin A, vitamin E, lipoprotein, tnilk. replacer 
Introduction 
The newborn dairy calf has minimal reserves of iipid-soluble vitamins because placental 
transfer of lipid-soluble vitamins and fetal uptake is limited (Malone 1975, Van Saun et al. 
1989). Deficiencies of these vitamins at birth are overcome by feeding the calf colostrum 
within hours after birth (Tomkins and Jaster 1991, Rajaraman et al. 1997, Blum et al. 1997). 
On many farms, newborn calves are removed from the cow shordy after birth. In the United 
States, almost 60% of calves are raised using milk replacer (Tomkins and Jaster 1991). The 
vitamin A requirement of growing large-breed calves fed only milk replacer has been set at 
1.78 to 2,2 [imol daily (NRC 1989). The amount of vitamin A added to the diet of calves has 
increased gradually over the years because of the essential role of vitamin A and its metabolites 
in assuring optimal cellular differentiadon, growth and immune fimction (Lotan 1980, Cohen 
and Cohen 1973, Dennert and Lotan 1978, Goldfarb and Herberman 1981, Goldman 1984) 
and because vitamin A toxicity for ruminants is considered low (NRC 1989). In an attempt to 
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maximize the benefits of vitamin A to the neonatal calf, milk replacers available in the United 
States typically contain vitamin A at concentrations that exceed the NRC requirement by 10- to 
20-fold. 
Supplementing milk replacer-fed calves with excess vitamin A has raised concerns 
regarding the impact of this practice on the bioavailability of dietary vitamin E. Dicks et al. 
(1959) reported a significant decrease in concentrations of vitamin E in plasma from 2-mo-old 
calves fed high amounts of vitamin A. Similarly, 6-mo-old beef calves supplemented with 
11.52 |imoi/kg diet dry matter of retinyl palmitate daily had lower plasma concentrations of 
vitamin E than did calves receiving the NRC requirement for vitamin A (Zinn et al. 1996). A 
strong negative association between plasma retinol and RRR-a-tocopherol concentrations in 1-
to 4-wk-old calves fed milk replacer without vitamin A or supplemented with either P-carotene 
or retinyl acetate has been reported (Nonnecke et al. 1995). Franklin et al. (1998) also 
observed lower RRR-a-tocopherol concentrations in plasma from milk-fed calves 
supplemented for 6 wk with 15.71 or 31.41 |imol of vitamin A daily. Studies using other 
animal species also have demonstrated comparable interactions between dietary vitamin A and 
the bioavailability of vitamin E (Pudelkiewicz et al. 1964, Sklan and Donoghue 1982a, Abawi 
and Sullivan 1989). Overall, these observations indicate that dietary vitamin A influences 
plasma concentrations of vitamin E. 
The bioavailability of vitamin E to newborn calves also may be influenced by the form of 
dietary vitamin E. Neonatal calves are fed frequently milk replacers containing esterified 
vitamin E (RRR-a-tocopheryl acetate) that is more stable and less costly than is RRR-a-
tocopherol. Some reports indicate that greater plasma RRR-a-tocopherol concentrations are 
achieved when newborn calves are fed RRR-a-tocopherol rather than RRR-a-tocopheryl 
acetate (Hidiroglou et al. 1989, Eicher et al. 1997). Others (Ochoa et al. 1992, Burton et al. 
1988, Cheesman et al. 1995), however, report that the form of vitamin E has no effect on 
plasma RRR-a-tocopherol concentrations in sheep, humans, and rats. 
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Plasma vitamin E is transported in association with lipoproteins (Lp) in ruminants (A1 
Senaidy 1996), humans (McCormick et al. 1960, Behrens et al. 1982) and rats (Peake et al. 
1972, Bjomeboe et al. 1987). The HDL are the major plasma Lp (more than 80% of total Lp) 
in neonatal calves (Bauchart et al. 1989, Forte et al. 1981, Jenkins et al. 1988) and adult 
ruminants (Raphael et al. 1973). There are no reports regarding the distribution of vitamin E 
on plasma Lp of newbom calves and on the effects of dietary vitamin A on this distribution. 
A 4 X 2 factorial experiment was conducted to evaluate the effects of feeding vitamin A at 
20- to 40-fold the NRC requirement on the distribution of vitamin E in Lp fractions of neonatal 
calves. Newbom calves were fed a low vitamin A milk replacer supplemented with 0, 1.78 
(NRC requirement, control), 35.6 and 71.2 {imol of vitamin A daily from birth to 4 wk of age. 
Calves also were fed vitamin E (155 jimol daily) as RRR-a-tocopherol or RRR-a-tocopheryl 
acetate. 
Materials and Methods 
Experimental Design 
Animals. Male Holstein calves (n = 53) from two commercial dairies were used to 
evaluate effects of amount of vitamin A and form of vitamin E on tocopherol concentrations in 
plasma Lp fractions. Twenty-four calves were evaluated between August 28 and December 5, 
1996, and 29 calves between April 26 and July 30, 1997. Precolostral calves were removed 
from their dams at birth and taken to the South Dakota State University Dairy Research and 
Teaching Facility, Brookings, SD, where they were housed for the duration of the smdy in 
individual calf hutches. A 4 x 2 factorial experiment was conducted in six to seven replicates. 
Calves received orally 0, 1.78 (NRC requirement, control group), 35.6 or 71.2 jimol (0, 
1,700, 34,000 and 68,OCX) lU) of vitamin A daily as a water dispersible retinyl acetate 
(Microvit™ A Prosol 500; Rhone Poulen, CA). Calves within each vitamin A group received 
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orally either RRR-a-tocopheroi or RRR-a-tocopheryl acetate at 155 |imol (100 lU) daily in 
niilk replacer (Stuart Products Inc, Bedford, TX). Combinations of vitamin A and E were 
mixed with double-distilled water and added to the milk replacer. Calf-related procedures were 
approved by the Institutional Animal Care and Use Committee of South Dakota State 
University, Brookings. 
Diet. All calves were fed colostrum at five percent of body weight within 6 h after 
birth. Colostrum that had been collected, pooled and frozen prior to each trial was thawed and 
heated before feeding to the calves. If a calf did not suckle, colostrum was given by 
esophageal feeder. Colostrum from each pool was analyzed for vitamin A content. Within 12 
hr after being fed colosffum, calves were fed custom-formulated low vitamin A milk replacer 
(Table I) at 5% of body weight each feeding. Calves were fed at approximately 6:30 a.m. 
and 6:(K) p.m. daily. Calf starter was not offered during the study. Concentrations of vitamin 
A in colostrum ranged from 7.37 to 9.02 [Jinol/L. iVIilk replacer samples were analyzed and 
found to contain some vitamin A and P-carotene. Two batches of milk replacer were fed 
throughout the experiment. Batch one contained the equivalence of 0.53 |imol of vitamin A/kg 
of milk replacer and batch two contained the equivalence of 2.48 |j.mol of vitamin A/kg of milk 
replacer. The second batch was fed to only 25% of the calves. 
Blood collection. Calves were bled by jugular venipuncture on the day of birth 
(before feeding colostrum) and at 0, (1.7 d old), 1 (7.5 d old), 2 (14 d old) and 4 (28 d old) 
wk of age. Blood (200 mL) was collected into 10% (vol/vol) 2x acid-citrate-dextrose (a 
sterilized solution containing 2.26% sodium citrate, 0.8% citric acid and 2.2% dextrose) and 
shipped at ambient temperatures overnight to the National Animal Disease Center (NADQ, 
ARS-USDA, Ames, LA. Blood samples were centrifuged (50(X) x g, 20 min at 20°C) 
immediately after receipt at the NADC, and recovered plasma was frozen at -80°C for 
subsequent separation of Lp and analyses of vitamins. 
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Blood from six adult nulliparous Holstein heifers was collected and similarly processed 
for comparison with calves. The average age of these heifers was 21 (+5) mo. 
Analytical Methods 
Lipoprotein separation. All procedures were performed under yellow light to 
prevent degradation of vitamin A. The method for separating Lp from bovine plasma was 
essentially that of Havel at al. (1955). Nine milliliters of plasma were overlaid with 2.7 mL of 
a solution consisting of sodium chloride (0.15 M). The VLDL-chylomicrons were first 
removed from plasma by ultracentrifugal flotation (138,000 x g, 18 h at 18°C) by using a 
Beckman L-8M ultracentrifuge and type 50.2 TI rotor (Beckman Instruments, Inc., Fullerton, 
CA) and stored at -80°C for subsequent analyses. The LDL, HDL and VHDL fractions in 
these samples were separated by adjusting densities of samples with solutions containing 
sodium chloride and potassium bromide as described by Havel et al. (1955). Four Lp fractions 
were separated by using the following density intervals recommended for ruminant animals 
(Jenkins et al. 1988): VLDL and chylomicrons, < 1.006 kg/L; LDL, 1.006-1.063 kg/L: HDL, 
1.063-1.21 kg/L and VHDL, > 1.21 kg/L. Samples then were frozen at -80°C for later 
analyses. Because of the very small amount of blood available at the day of birth we did not 
separate lipoproteins from calves of this age. 
Analysis of retinoi, retinyl palmitate, RRR-a-tocopherol and RRR-y-
tocopheroL Ail solvents, with the exception of hexane, were HPLC or spectrophotometric 
grade (Burdick & Jackson, Inc., Muskegon, MI). Plasma retinoi and concentrations of RRR-
a-tocopherol and EtRR-y-tocopherol in Lp were determined by reverse-phase HPLC by using a 
modified method of Kaplan et al. (1987). Ethanol (200 (xL) containing 0.76 nmol of all-trans-
retinyl acetate (Eastman Kodak Company, Rochester, NY) as an internal standard was 
combined with 200 |iL of plasma or Lp sample. Samples were vortexed, 1.5 mL of hexane 
were added to extract the samples, and after 15 min at 20°C samples were cenurifiiged (1,090 x 
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g, 15 min at 4°C, J-6M ultracentrifuge, Beckman Instruments, Fuilerton, CA) to remove the 
precipitated protein. After phase separation, the upper (hexane) phase was removed. The 
hexane extraction then was repeated. Hexane extracts were dried by using a vacuum centrifuge 
with a refrigerated vapor orap (SAVANT Instnunents, Inc., Farmingdale, NY). The residues 
were dissolved in 30 (iL of chloroform and allowed to sit for 5 min at 20°C. Samples then 
were diluted by the addition of 120 jiL of methanol:double-distiIled water (75:5, vol/vol) and 
injected (150 |iL) into a 150 mm x 4.6 mm, 3-(im C-18 Alltech Econosphere column (Alltech 
Associates, Inc., Deerfield, IL) of an HPLC. Samples were eluted by using a 75:20:5 
(vol/vol/vol) mixture of methanol:chloroform:double-distilled water and a flow rate of 1.1 
mL/min. The mobile phase for the chromatographic analysis was degassed under a vacuum for 
60 min before use. Retinol, RRR-a-tocopherol and RRR-y-tocopherol were detected by 
monitoring their absorbance at 280 nm using a fixed wavelength detector (Waters 440 
Absorbance Detector, Waters Associates, Milford, MA). External standards consisted of all-
trans-retinol (0.87 to 2.62 nmol), RRR-a-tocopherol (0.58 to 1.74 nmol, Eastman Kodak 
Company, Rochester, NY) and RRR-y-tocopherol (0.60 to 1.80 nmol, Sigma, St. Louis, 
MO). 
The procedure for extraction of retinyl palmitate from plasma was the same as for retinol 
and tocopherols. Hexane extracted (twice) and vacuum dried samples were resuspended in a 
60:40 (vol/vol) mixture of hexane:chloroform and injected (150 jiL) into a 150 mm x 4.6 mm 
Econosphere silica 3 |im column (Alltech Associates, Inc., Deerfield, IL) with a flow rate of 
2.5 mL/min (straight phase HPLC). The mobile phase consisted of 60:40 (vol/vol) 
hexanerchloroform. The first 2.5 min elutions were collected and dried by using a vacuum 
centrifiige with refiigerated vapor trap (SAVANT Instruments, Inc., Farmingdale, NY) and 
were dissolved in 30 jiL of chloroform and allowed to sit for 5 min at 20°C. Samples then 
were diluted by addition of 120 jiL of methanohdouble-distilled water (75:5, vol/vol) and 
injected (150 (iL) into a 150 mm x 4.6 mm, 3-|im C-18 Alltech Econosphere column (Alltech 
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Associates, Inc., Deerfield, EL). Samples were eluted by using a 75:20:5 (vol/vol/vol) mixture 
of methanol:chloroform:double-distilled water and a flow rate of 1.1 mL'min (reverse phase 
HPLC). Retinyl palmitate was detected by monitoring its absorbance at 340 nm [(Waters 440 
Absorbance detector) Waters Associates, Milford, MA]. Internal and external standards 
consisted of all-trans-retinyl acetate (0.305 nmol) and all-trans-retinyl palmitate (0.024-0.095 
nmol, Eastman Kodak Company, Rochester, NY), respectively. 
Statistical analysis. Data were analyzed as a split-plot with repeated measures by 
ANOVA using the general linear models of SAS (SAS/STAT Version 6, SAS Institute, Gary, 
NC). The dietary supplementation of vitamins A and E and their interactions constituted the 
main plot, and the age of the calves was the repeated measure or split plot. Statistical 
significance between means was declared at P < 0.05. When main effects or interactions were 
significant, indicated significant differences were taken from the matrices of the Student's two 
sample t test that accompanied the least square means from the ANOVA. Values are presented 
as arithmetic means ± SEM. Pearson's product-moment correlations were computed between 
plasma retinol and plasma RRR-a-tocopherol and RRR-a-tocopherol associated with 
lipoprotein fractions by using the correlation procedure of SAS (SAS/STAT Version 6, SAS 
Institute Gary. NC). Correlations were judged to be significant at P < 0.05. Plasma RRR-a-
tocopherol and RRR-a-tocopherol associated with Lp fractions of adult nuUiparous heifers 
were compared against those of calves by using the ANOVA procedure of SAS (SAS/STAT 
Version 6, SAS Institute Gary, NC). 
Results 
Plasma retinol, retinyl palmitate, EiRR-a-tocopherol and RRR-y— 
tocopherol. The concentrations of retinol in plasma reflected vitamin A intakes (Table 2). 
Plasma levels of retinol were not different {P > 0.05) among calves at birth. Calves fed no 
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vitamin A. had lower concenlradons of rednol compared with vitamin A-supplemented animals 
by wk 4. Calves fed 35.6 and 71.2 [imol of vitamin A per day produced plasma retinoi 
concentrations that exceeded retinoi levels of control animals by 47 and 66%. respectively, 
after 4 wk of vitamin A supplementation 
Concentrations of retinyl palmitate in plasma were determined in ail calves at birth and at 
4 wk of age. All calves had undetectable amounts of plasma retinyl palmitate at birth. In 
contrast, retinyl palmitate concentrations in calves supplemented with 1.78,35.6 and 71.2 
fimol of vitamin A daily were detectable at 4 wk and ranged from 0.66 to 3.05 nmol/L (Fig. 
1). 
Concentrations of RRR-a-tocopherol in plasma were not different (P > 0.05) among 
calves at birth (Table 2). Calves fed the greatest amount of vitamin A had the lowest 
concentrations of RRR-a-tocopheroi in plasma. Calves supplemented with 35.6 and 71.2 
|imol of vitamin A daily had 26 and 39%, respectively, lower RRR-a-tocopherol 
concentrations compared with control animals at 4 wk of age. Concentrations of RRR-a-
tocopherol in control calves were 23% lower than calves fed no vitamin A by wk 4. 
Concentrations of RRR-a-tocopherol increased in all calves with increasing age (P < 0.001). 
Plasma RRR-y-tocopherol concentrations are shown in Table 2. Calves were bom with 
undetectable amounts of this isomer of vitamin E. Calves supplemented with 35.6 and 71.2 
{imol of vitamin A per day had greater concentrations of RRR-y-tocopherol by wk 1 compared 
with control calves. RRR-y-Tocopherol concentrations were not different among treatment 
groups by the end of the experiment {P > 0.05). 
Concentrations of RRR-a-tocopherol in plasma lipoproteins. 
Concentrations of RRR-a-tocopherol associated with Lp fractions (HDL, LDL, VHDL and 
VLDL) were not different among calves by wk 0 (1.7 d old) (Fig. 2a-d). Calves 
supplemented with the greatest amount of dietary vitamin A had the lowest amounts of RRR-a-
tocopherol associated with HDL, LDL, VHDL and VLDL fractions, by wk 2. Calves 
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supplemented with 35.6 and 71.2 nmol of vitamin A daily had 21 and 39%, respectively, 
lower RRR-a-tocopheroi associated with HDL compared with control animals. Control 
animals had 25% lower RRR-a-tocopherol associated with HDL compared with calves fed no 
vitamin A. RRR-a-tocopherol content was increased in all Lp fractions by wk 1 but decreased 
in calves supplemented with 35.6 and 71.2 [imol of vitamin A per day by wk 2 and remained 
less than that of other two treatment groups until the end of the experiment. Changes in RRR-
a-tocopherol concentrations in LDL, VHDL and VLDL fractions followed those observed in 
HDL. The amount of RRR-a-tocopherol associated with HDL, LDL, VHDL, and VLDL 
increased in all calves with age. 
Correlation coefficients between plasma concentrations of retinol and plasma RRR-a-
tocopherol and RRR-a-tocopherol associated with Lp fractions (HDL, LDL, VHDL and 
VLDL) are presented in Table 3. No relationships were found among these variables at wk 0. 
There were positive correlations between plasma retinol and plasma RRR-a-tocopherol and 
RRR-a-tocopherol associated with Lp fractions by wk 1. In contrast, inverse relationships 
were observed among plasma retinol and RRR-a-tocopherol in plasma and all four Lp 
fractions by wk 2 and 4. 
Distribution of RRR-a-tocopherol in plasma lipoproteins. Distribution of 
ElRR-a-tocopherol (in percentage to total Lp RRR-a-tocopherol) in each Lp fraction was not 
affected by vitamin A intake. Dosage of dietary vitamin A did not affect distribution of RRR-
a-tocopherol among the different Lp fractions {P > 0.05) (Fig. 3). Concentrations of RRR-
a-tocopheroi in Lp across all treatments and all periods averaged 5.41, 1.42.0.70 and 0.41 
|imol/L for HDL, LDL, VHDL and VLDL. respectively. The HDL, LDL, VHDL and VLDL 
fractions accounted for approximately 59.3, 14.4, 22.2 and 3.9 % of the total RRR-a-
tocopherol in Lp (Fig. 2a-d). Distribution of Lp RRR-a-tocopherol averaged 31.9, 21, 31.2 
and 15.5 % for HDL, LDL, VHDL and VLDL, respectively, at wk 0. The amount of RRR-a-
tocopherol associated with HDL increased firom 32% at birth to 66% by wk 1 and to 71% by 
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the end of the study (wk 4). [n contrast, the amount of RRR-a-tocopheroI associated with 
VHDL, LDL and VLDL decreased from birth values of 31, 21 and 15.5% to 6, 17 and 4%, 
respectively, by wk 4. 
Comparison of RRR-a-tocopherol concentrations in lipoproteins between 
newborn and adult animals. Adult nulliparous heifers had 62% greater RRR-a-
tocopherol associated with all Lp fractions than did calves at wk 0 (1.7 d old) (Table 4). 
Calves at wk 0 had significantly (P < 0.001) less ElRR-a-tocopherol associated with HDL 
(31.9 %) than did adult nulliparous heifers (68.5%). In contrast, the amount of RRR-a-
tocopherol associated with VHDL and VLDL was greater at wk 0 (31.2% and 15.5%, 
respectively) compared with those of adult animals (4.16 and 6.13%, respectively). 
Concentrations of RRR-a-tocopheroI associated with LDL were similar between calves and 
cows (21.4 vs 21.18%). The distribution profile of RRR-a-tocopherol among Lp in 1-wk-old 
calves was comparable to that in adult cattle. 
Discussion 
The present smdy demonstrates that feeding 20- to 40-foId (35.6 and 71.2 |xmoi of 
vitamin A daily) the NRC requirement of vitamin A to neonatal calves markedly decreased Lp 
RRR-a-tocopherol concentrations. Previous smdies in calves (Dicks et al. 1959, Nonnecke et 
al. 1995, 7inn et al. 1996, Franklin et al. 1998) have shown that feeding calves high amounts 
of vitamin A is associated with a reduction in plasma RRR-a-tocopherol concentrations. We 
observed an inverse relationship between plasma retinol and plasma RRR-a-tocopheroI and 
ElRR-a-tocopherol associated with lipoprotein fractions starting at 2 wk of age (Table 3). This 
relationship suggests that vitamin A, by yet unknown mechanism, suppresses circulating levels 
of vitamin E in calves starting by 2 wk of age. These findings confirm our previous 
observation of a negative association between plasma retinol and RRR-a-tocopherol in 
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neonatal calves (Nonnecke et al. 1995). Feeding calves high amounts of vitamin A had no 
effect on plasma RRR-y-tocopheroI at 4 wlc of age, which suggests that vitannin A affects 
specifically plasma RRR-a-tocopherol, but not RRR-y-tocopheroI, in neonatal calves. 
a-Tocopherol transfer protein (a-TTP), a liver protein, specifically and predominantly 
binds and supplements nascent VLDL with ElRR-a-tocopherol at the expense of other isomers 
of vitamin E (Traber et al. 1992). The main function of a-TTP is to maintain sufficient plasma 
concentrations of vitamin E (i.e. RRR-a-tocopherol). Conceivably, retinoic acids may 
suppress production of a-TTP reducing the incorporation of RRR-a-tocopherol into VLDL. If 
so, plasma concentrations of RRR-a-tocopherol would be affected. In support of this 
hypothesis are observations from this study indicating that concentrations of several retinoic 
acid isomers (9-cis-, 13-cis- and 9,13-dicis-retinoic acid) in plasma of calves fed excess 
vitamin A daily were elevated markedly when compared with concentrations in calves fed 0 or 
1.78 jimol of vitamin A daily (Nonnecke et al. 1999). Recent reports indicate that retinoic acid 
suppresses gene expression of other liver proteins like apolipoprotein A-I, the major protein 
constituent of the HDL (Zolfaghari and Ross 1994, 1995, Berthou et al. 1998). Similarily, 
rats fed retinoic acid have several fold lower RRR-a-tocopherol concentrations in plasma and 
liver when compared to rats not fed retinoic acid (Bieri et al. 1981). 
RRR-a-Tocopherol concentrations in plasma from newborn calves were several-fold 
lower than concentrations in adult cattle. The lower vitamin E levels in newborn animals may 
be the result of lower placental transfer of RRR-a-tocopherol (Van Saun et al. 1989) because 
of a transient deficiency of prebeta Lp (Desai et al. 1984) and very low a-TTP mRNA 
concentrations at birth (Tamai et ai. 1998). Recent research indicates that a-TTP in neonatal 
rats increases by feeding vitamin E and, with age, achieving adult levels by wk 4 of age (Tamai 
etal. 1998, Kim et al. 1996, Fechneretal. 1998). In the present smdy, plasma concentrations 
of RRR-a-tocopherol increased with age and by wk: 4 exceeded adult levels, suggesting that 
155 jimol of vitamin E daily is sufficient supplementation. 
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The main plasma carrier of RRR-a-tocopherol in neonatal calves was HDL (68%), 
whereas LDL, VHDL and YLDL carried 18,9 and 5% of the total plasma RRR-a-tocopherol. 
This report is the first to describe RRR-a-tocopheroI Lp associations in neonatal calves. In 3-
to 4-mo-old calves, most RRR-a-tocopherol is carried by HDL (62%), whereas LDL carried 
17% of total RRR-a-tocopherol (Chew et al. 1993). The increase of RRR-a-tocopheroI 
content from wk 0 to wk 4 was greater with HDL (19-fold) than with LDL (7-fold), VHDL 
(1.5-fold) and VLDL (2-fold). The HDL in neonatal calves may function in the distribution of 
vitamin E to peripheral tissues or in its excretion. 
Newborn calves in this study had more RRR-a-tocopherol associated with VHDL and 
VLDL and lower RRR-a-tocopherol associated with HDL than did adult cattle. The 
distribution profile of RRR-a-tocopherol among Lp fracuons in 1-wk-old calves was 
comparable to that of adult animals. The physiological importance of these changes is not 
known. The data regarding distribution of RRR-a-tocopherol among Lp fractions in adult 
animals are in contrast with those reponed by Al Senaidy (1996) who observed that RRR-a-
tocopherol was distributed equally between HDL and LDL fractions, but they are in line with 
the finding that the major Lp fraction in calves and adult ruminant animals is HDL (more than 
80% of total LP), whereas LDL constitutes less than ten percent of total Lp (Forte et al. 1981). 
Our results agree with previous reports (Mathias et al. 1981, Burton et al. 1988, Ochoa et 
al. 1992, Cheesman et al. 1995) indicating that the form of vitamin E (RRR-a-tocopherol or 
RRR-a-tocopherol acetate) has no effect on plasma RRR-a-tocopherol concentrations. These 
authors reported similar in vivo absorption of RRR-a-tocopherol and E^lR-a-tocopheryl 
acetate in sheep, humans and rats. Mathias et al. (1981) found that the esterified vitamin E is 
hydrolyzed by a brush border esterase; both forms enter circuladon as RRR-a-tocopherol, and 
hydrolysis to tocopherol does not affect absorption of RRR-a-tocopheryl acetate when 
compared with tocopherol. Other reports have demonstrated higher plasma RRR-a-tocopherol 
concentrations when calves are supplemented with RRR-a-tocopherol compared with the ester 
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form (Hidiroglou et al. 1989, Eischer et al. 1997). Ochoa et al. (1992) suggested that the 
higher tocopherol levels reported by Hidiroglou and his colleagues (1989) might be explained 
by supplementation of vitamin E on an equal-weight basis rather than on an equal-activity 
basis. 
The present data demonstrate that calves were bom with low concentrations of plasma 
retinol (0.19 (inaol/L), and are less than a third of plasma concentrations (0.7 |xmol/L) in 
human infants (Godel et al. 1996). The difference might be explained by consumption of diets 
poor in retinol but rich in |3-carotene (plants) by the dam and by high rates of degradation of 
vitamin A in her mmen (Keating et al. 1964). Calves fed 35.6 and 71.2 [jjhoI of vitamin A 
daily had 1.7 to 1.9-fold greater plasma concentrations of retinol, respectively, than control 
calves by wk 4. Donoghue et ai. (1983) observed enhancement of plasma retinol in lambs 
with intake of vitamin A, whereas Franklin et al. (1998) reponed no differences in retinol 
concentrations in calves supplemented with 0, 15.71 and 31.41 jimol of vitamin A daily in 
whole milk. 
In calves fed 35.6 and 71.2 (imol of vitamin A daily, retinyl palmitate was found at 
concentrations reaching 0.66 percent of total plasma vitamin A versus 0 and 0.2 percent in 
calves fed no vitamin A or 1.78 umol of vitamin A daily, respectively. With normal vitamin A 
intake, less than five percent of circulating vitamin A is esterified in humans (Smith and 
Goodman 1976). Excess vitamin A has been shown to cause an increase in plasma 
concentration of circulating retinyl ester in sheep (Donoghue et al. 1983), horses (Sklan and 
Donoghue 1982), humans (Smith and Goodman 1976) and rats (Mallia et al. 1975). 
Donoghue et al. (1983) observed that with high vitamin A intake the absorption of retinyl ester 
is increased, whereas clearance is unchanged, resulting in elevated concentrations of retinyl 
ester. Interestingly, Zimmerman et al. (1998) found no increase in plasma concentrations of 
retinyl palmitate in dairy cows after supplementation with 262 jimol of vitamin A (as retinyl 
palmitate) daily. Neonatal calves fed millc exclusively are functionally monogastric animals 
104 
(Hoppe et al. 1996, Poor et al. 1992). The increase in plasma retinol and retinyi palmitate by 
intake of vitamin A suggests that the mechanisms controlling vitamin A input and output in 
plasma of neonatal calves are not sufficient to maintain steady-state plasma vitamin A 
concentrations when dietary intake is excessive. 
Conclusions 
In conclusion, excess dietary vitamin A was associated with a reduction in the 
concentration of RRR-a-tocopherol in Lp fractions in plasma of neonatal calves. The amount 
of Lp ElRR-a-tocopheroI was lowest in calves fed 35.6 and 71.2 |imoI of vitamin A daily (20-
to 40-fold the NRC requirement) when compared with calves fed 1.78 |imol daily (NRC 
requirement). Because of the critical antioxidant role of vitamin E, the health-related 
consequences associated with the depression of Lp RRR-a-tocopherol in the neonatal, 
preruminant calf fed excess vitamin A need to be investigated. In addition, the form of vitamin 
E fed did not influence plasma RRR-a-tocopherol concentrations, suggesting the more stable 
and less costly form, RRR-a-tocopheryl acetate, be used as a dietary supplement in calves. 
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TABLE 1 
Composition of milk replace/ 
Ingredients Concentration in diet 
g^g 
Crude protein 199.95 
Crude fat 199.95 
Crude fiber 1.50 
Ash 83.00 
Lactose 444.49 
Calcium 9.50 
Phosphorous 7.50 
Sodium 6.20 
Magnesium 1.40 
Potassium 17.70 
Vitamin D3 0.90 
Vitamin A" 0.00 
Vitamin E 0.00 
Other vitamins^ 28.30 
'Formulated and supplied from Milk Specialties Inc., Dundee, IL, according to the NRC 
requirements (National Research Council, 1989). 
" Feeding was formulated with endogenous vitamins A. Two batches of milk replacer were 
fed throughout the trial. Batch one contained 0.53 {imol/kg and batch two contained 2.48 
jimol/kg of vitamin A. The second batch was fed only to 25% of the calves. Four different 
amounts of vitamin A (0, 1.78,35.6 and 71.2 (imol daily) and two forms of vitamin E (RRR-
a-tocopherol and RRR-a-tocopheryl acetate) at 155 [imol daily were mixed with double-
distilled water and added to milk replacer before feeding the calves. 
^Milk replacer also was supplemented with a mixture of thiamine, riboflavine. vitamin Bq and 
Bp, pantothenic acid, niacin, folic acid and biotinaccording to NRC requirements (NRC 
1989). 
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TABLE 2 
Effect of dietary vitamin A, as retinyl acetate, on concentrations of retinol, RRR-cc-tocopherol 
f a-T) and RRR-y-tocopheroL (y-T) in neonatal calves' fed milk replacer 
Dietary vitamin A, |a.mol/d 
Age. wk Variable' 0 1.78 35.6 71.2 
4.1 4.1 i.i 
Retinol (titnol/L)' 0.22 ± 0.03 0.19 + 0.03 0.18 ± 0.03 0.18 ± 0.03 
J.I Jl i.1 4.1 
birth a-T(nmol/L) 0.28 + 0.20 0.22 ± 0.17 0.32 ± 0.19 0.41 ± 0.14 
4.1 4.1 4.1 4.i 
Y-T (nmol/L) 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 
4.1 4.1 4.n.2 n.2 
Retinol (iimol/L) 0.21 ± 0.03 0.21 ± 0.02 0.29 + 0.02 0.35 + 0.03 
4.2 4.2 4.2 4.2 
0 a-T (Iimol/L) 1.79 ± 0.02 1.69 + 0.02 1.72 + 0.04 1.81 + 0.02 
4.2 4.2 i.2 4.2 
Y-T(^imol/L) 0.15 ± 0.05 0.20 + 0.10 0.23 ± 0.07 0.19 + 0.09 
4.1 4.2 f>.2 h.2 
Retinol (^moI/L) 0.22 ± 0.03 0.28 ± 0.03 0.38 ± 0.03 0.40 ± 0.03 
4.2 h.2 h.2 h.2 
1 a-T(p.mol/L) 5.22 + 0.39 7.43 ± 0.65 9.29 ± 0.65 9.15 ± 0.44 
4.2 4.2 h.2 b.2 
y-T (^mol/L) 0.34 ± 0.05 0.37 ± 0.05 0.54 ± 0.06 0.53 ± 0.06 
4.2 4.2 n.2 h.2 
Retinol (^imol/L) 0.16 ± 0.03 0.23 ± 0.03 0.39 ± 0.03 0.44 + 0.03 
oJ 
2 a-T (p.moi/L; 10.47 x O-ii S.25 i 1.07 6.24 3: O.Si 5.59 £. 0.51 4j Xj)J 4jtj 
y-T (timol/L) 0.49 + 0.07 0.53 + 0.07 0.64 + 0.06 0.67 + 0.02 
4.1 4.2 n.2 n.2 
Retinol (|imol/L) 0.24 ±0.03 0.25 ± 0.03 0.42 + 0.03 0.47 ±0.12 
4.4 nA W-.4 
4 a-T(timol/L) 19.83 ± 1.27 16.04 ± 0.83 12.65 ± L09 11.49 ±1.16 
4.4 4.4 4.4 4.4 
y-T (timol/L) 0.80 ± 0.09 0.68 ± 0.08 0.89 ± 0.09 0.81 ± 0.05 
'Neonatal calves were bled at birth (before feeding colostnun), 0 (1.7 d old), 1 (7.5 d old). 2 
(14 d old) and 4 (28 d old) wk of age and fed 0, 1.78,35.6 and 71.2 jimol of vitamin A daily 
(as retinyl acetate) from birth through 4 wlc of age. "Plasma retinol, RRR-a-tocopherol and 
RRR-y-tocopherol were determined by HPLC. ''Values are means ± SEM, n = 13-14. 
Means with different superscript within row differ, P < 0.05. Means with different 
superscript in columns differ, P < 0.05 
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TABLE 3 
Pearson's product moment correlations between plasma retinol concentrations and plasma 
RRR-a-tocopherol and RRR-a-tocopherol associated with lipoprotein fractions in neonatal 
calves 
Time relative to binh, wic 
Blood fraction o' I 2 4 
Plasma NS 0.3580*** - 0.5337*** 0.5252*** 
HDL NS NS - 0.4994*** 0.4612*** 
LDL NS NS - 0.4776*** 0.4488*** 
VHDL NS NS - 0.4257*** 0.3372** 
VLDL NS 0.3164** - 0.4267*** 0.3062* 
'Neonatal calves were bled at 0 (1.7 d old), 1 (7.5 d old), 2 (14 d old) and 4 (28 d old) wk of 
age and fed 0, 1.78, 35.6 and 71.2 jimol of vitamin A daily (as retinyl acetate). 
Values are correlation coefficients, n = 53. * P < 0.05, p < 0.01, *** P < 0.001, NS = 
not significant. 
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TABLE 4 
Concentrations of RRR-a-tocopherol associated with lipoprotein fractions in adult ruminants 
and neonatal calves 
RRR-a-tocopherol, |xmol/L 
Lipoprotein 
fraction Adult' Calves" 
a b 
HDL 8.26 ± 0.64 5.41 ± 0.37 
LDL 3.54 ± 0.24 1.42 ± 0.12 
VHDL 0.26 ± 0.10 0.70 ± 0.13 
VLDL 0.88 ± 0.17 0.41 ± 0.07 
'six adult nulliparous Holstein heifers were bled once, and RRR-a-tocopherol content of 
lipoprotein fractions was measured by HPLC. 
• Neonatal calves were fed milk replacer supplemented with 0, 1.78,35.6 and 71.2 |imol 
of vitamin A daily (retinyi acetate) and 155 [imol daily of RRR-a-tocopherol or RRR-a-
tocopherol acetate for a period of 4 wk. 
Blood samples were taken at 0 (1.7 d old), 1 (7.5 d old), 2 (14 d old) and 4 (28 d old) wk of 
age and RRR-a-tocopherol content was quantified by HPLC. 
Values represent grand means + SEM, n (heifers) = 6, n (calves) = 53. 
^ Means with different superscripts within row differ (P < 0.05). 
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Dietary vitamin A, fxmol/d 
FIGURE I Concentrations of retinyl paimitate in plasma of neonatal calves at 4 (28 d old) 
wk of age fed 0, 1.78, 35.6 and 71.2 [imol of vitamin A daily (as retinyl acetate) for a period 
of 4 wk. Retinyl paimitate was quantified by HPLC. Values are means ± SEM, n = 13-14. 
Values with different are quantified different, P < 0.05. 
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FIGURE 2 (ab) Concentrations of RRR-a-tocopherol (per liter of plasma) associated with 
HDL (a), LDL (b), VHDL (c) and VLDL (d) fractions in neonatal calves bled at 0 (L7 d old), 
1 (7.5 d old), 2 (14 d old) and 4 (28 d old) wk of age and fed 0, L78, 35.6 and 71.2 fimol of 
vitamin A daily (as retinyl acetate) for a period of 4 wk. Plasma lipoproteins were separated by 
ultracentrifiigal flotation, and RRR-a-tocopherol was quantified by HPLC. Values are means 
± SEM, n = 13-14. Values with different letters within the same wk are different, P < 0.05. 
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FIGURE 2 (cd) continued. 
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FIGURE 3 Distribution of RRR-a-tocopheroI (percentage) in plasma lipoprotein fractions 
(HDL, LDL, VHDL and VLDL) of neonatal calves. Animals were bled at 0 (1.7 d old), 1 
(7.5 d old), 2 (14 d old) and 4 (28 d old) wk of age and fed 0, 1.78,35.6 and 71.2 {imol of 
vitamin A daily (as retinyl acetate) for a period of 4 wk. Plasma lipoproteins were separated by 
ultracentrifug^ flotation and RRR-a-tocopherol was quantified by HPLC. Values represent 
overall means ± SEM for all treatment groups, n = 53. Lp = lipoprotein; aT = a-tocopherol. 
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CHAPTER 5. GENERAL CONCLUSIONS 
Vitamins A, D and E are lipid-soluble vitamins that have been associated with diseases 
and regulatory roles in immune cell functions. Active metabolites of vitamin A and D such as 
all-trans and 9-cis-RA as well as l,25-(OH)2D3, respectively, have been shown to mediate 
these regulatory functions through nuclear receptors specific for all-trans-RA (RAR), 9-cis-RA 
(RXR) and l,25(OH)2D3 (VDR). 
Periparmrient cows and newborn calves are more susceptible to metabolic and 
infectious diseases than the other age- and physiologic-related groups of dairy cattle. General 
immune functions during the periparturient and neonatal periods are lower and the reason for 
that is not yet clear. Postparturient cows become deficient in lipid-soluble vitamins by draining 
great amounts of these vitamins in colostrum and milk, whereas neonatal animals are bom with 
neghgible stores of these vitamins in the liver and very low amounts in the circulation. 
Because of their relatively low costs lipid-soluble vitamins are fed several-fold greater the NRC 
requirements for periparturient cows and neonatal calves. 
Recently, it was shown that RAs and vitamin D affect immune responses in 
periparturient cows (Nonnecke et al., 1992; 1994) and that high dietar>- amounts of vitamin A 
decreased concentrations of vitamin E in plasma of neonatal calves (Nonnecke et al., 1995; 
1999; Franklin et al., 1998). These observations have raised concerns that feeding greater than 
die NRC requirements for these vitamins may have an impact on immune functions and their 
uptake by dairy cattle. 
These reports instigated my colleagues and me to evaluate the effects of l,25(OH)2D3, 
of individual RA isomers (all-trans-, 9-cis-, 13-cis and 9,13-dicis-RA) and their combinations 
as well as of combinations of l,25(OH)2D3 with 9-cis- or 9,13-dicis-RA on IFN-y secretion by 
MNL from nulliparous heifers and postparturient cows. In vitro approaches (Chapter two) 
indicated that l,25(OH)2D3 and a fluorinated compound of vitamin D (A~-26-F3-l,25(OH)2D3) 
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inhibited EFN-y secretion by bovine MNL. Significant inhibition was produced by 
concentrations of the hormone equal to those seen in the plasma of the dairy cow with severe, 
hypocalcemia during the periparturient period. The mechanism by which the active metabolite 
of vitamin D and its analogs inhibit IFN-y secretion by bovine MNL is not yet clear. 
Additional research is necessary to address this question. Elevations of l,25(OH)2D3 in plasma 
during the periparturient period or as a result of therapeutic intervention could conceivably 
affect immune function in the dairy cow and increase the risk of infectious diseases associated 
with parturition. Results &om Chapter three showed that individually RA isomers did not 
affect IFN-y secretion. The reason why RA individually do not affect IFN-y secretion by 
bovine MNL is not understood at present. When combined with each other RAs inhibited 
IFN-y secretion. These results are in agreement with those studies indicating that RA 
heterodimers (RXR-RAR) bind to cognate response elements more efficiently than do RAR or 
RXR homodimers and that the presence of both RA ligands (all-trans- and 9-cis-RA) is needed 
for induction of target genes (Roy et al., 1995; Dong and Noy, 1998). The results also 
showed that combinations in vitro of l,25(OH)2D3 with 9-cis-RA inhibited synergistically 
IFN-y secretion, whereas its combination with 9,13-dicis-RA did not affect IFN-y secretion. 
The reason for these results is not yet clear but it is an indication that heterodimers of 
1,25(0H)2D3 with 9-cis-RA (VDR-RXR) might be more efficient in down-regulating IFN-y 
secretion than their respective homodimers. These results are in agreement with other smdies 
reporting that combinations of l,25(OH)2D3 with RA isomers regulate different aspects of cell 
growth and differentiation (Nakajima et al., 1996; Thompson et al., 1998). Given the crucial 
role of IFN-y as an immunoregulatory cytokine in nearly aU phases of immune and 
inflammatory responses and suppression of its secretion by active metabolites of vitamin A and 
D further investigations are required to smdy the impact of feeding high amounts of these 
vitamins on postpartal infectious diseases. These results and those indicating l,25(OH)2D3 and 
RA potentiates IgM production by bovine MNL (Nonnecke et al. 1992; Nonecke et al., 1994) 
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suggest that these vitamins may selectively promote differentiation of bovine T-cell subsets 
toward a Th2-like phenotype. These observations also may be important therapeutically, as 
RA and l,25(OH)2D3 could be used to augment in vivo humoral immune responses in dairy 
cattle affected by diseases that require a Th-2 type immune response for recovery. 
The common practice of supplementing milk replacers for newborn dairy calves in the 
United States with more than 20-fold the NRC requirement for vitamin A promted us to 
evaluate (Chapter four) the effects of four different amounts of vitamin A [0, 1.78 (the NRC 
requirement), 35.6 and 71.2 ^imol daily] and two forms of vitamin E (RRR-a-tocopherol and 
RRR-a-tocopheryl acetate) on plasma and lipoprotein content of RRR-a-tocopheroI in neonatal 
calves fed milk replacer. Supplementing milk-replacer-fed calves with excess vitamin A has 
raised concerns regarding the impact of this practice on the bioavailability of dietary vitamin E. 
Results indicated that dietary vitamin A had a profound depressing effect on the concentrations 
of RRR-a-tocopherol associated with lipoprotein fractions in plasma. During a period of four 
weeks, the amount of RRR-a-tocopherol associated with lipoproteins reached the lowest 
concentrations in calves fed 35.6 and 71.2 (imol of vitamin A daily (20- to 40-fold the NRC 
requirement) compared with calves fed the NRC requirement for vitamin A. Our results are in 
agreement with previous reports indicating that excess dietary vitamin A decreases 
concentrations of vitamin E in plasma (Nonnecke et al., 1995; 1999; Franklin et al., 1998). 
The mechanism by which vitamin A suppresses vitamin E in plasma remains to be studied, but 
we speculate that excess dietary vitamin A resulting in higher concentrations of RA in plasma, 
by an unknown mechanism, might suppress a-tocopherol transfer protein expression that 
specifically incorporates RRR-a-tocopherol into nascent VLDL, indirectly decreasing 
concentrations of vitamin E in plasma. Because of the critical antioxidant and immune roles of 
vitamin E, we recommend that the health-related consequences associated with the depression 
of lipoprotein RRR-a-tocopherol concentrations in neonatal and preruminant calves fed vitamin 
A at 35.6 and 71.2 [imol daily must be investigated. These results also suggest that the widely 
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used practice by dairy producers of feeding 20- to 40-foId the NRC requirement for vitamin A 
must be reconsidered. Results also showed that the main plasma carrier of RRR-a-tocopherol 
in neonatal calves was HDL (68%), whereas LDL, VHDL and VLDL carried 18, 9 and 5% of 
the total plasma RRR-a-tocopherol. Form of vitamin E had no effect on concentrations of 
ElRR-a-tocopherol present in lipoprotein fractions, suggesting the more stable and less costly 
form, RRR-a-tocopheryl acetate, to be used as a dietary supplement in calves. Data 
demonstrated that neonatal calves were bom with low concenuations of plasma retinol and that 
concentrations of retinol in plasma increased with vitamin A intake. In calves fed 35.6 and 
71.2 (xmol of vitamin A daily, 0.66% of total vitamin A in plasma was found to be in the form 
of retinyl palmitate. Studies conducted in adult ruminants by Zimmerman et al. (1998) 
indicated no retinyl palmitate in plasma even after supplementations with very high amounts of 
vitamin A. This indicates that young ruminants behave more like monogastric animals 
regarding bioavailability of vitamin A. Additional smdies are necessary to address the effects 
of high plasma retinol and the presence of retinyl palmitate on health stams of the neonates. 
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